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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 
 
Doctor of Philosophy 
CHALLENGING THE PARADIGMS OF GUT ARCHITECTURE AND 
FEEDING BIOMECHANICS IN SHALLOW WATER POLYCHAETES. 
Roy Richard John Dinley 
For well over a century a great deal of effort has been expended into investigation of 
how polychaetes capture their food but there has been a relative lack of attention 
paid to the processing of ingested material in the various forms and functioning of 
the anterior gut in errant polychaetes. The principal focus of this study was the 
examination of the functional anatomy of the anterior digestive tracts from three 
families of polychaetes; the Arenicolidae; sedentary detritivores, the Nereidae; 
errant omnivores and the Nephtyidae; errant carnivores. Comparisons were made 
with the already well-studied gut anatomy and particularly the pharyngeal anatomy 
of Arenicola marina, so as to establish a baseline for the other families of 
polychaetes. 
Particular attention was focused on the method of pharyngeal stabilisation in relation 
to food capture and processing.  
It is universally accepted that ‘coelomic pressure’ has been the primary factor in the 
eversion of the pharynx and proboscis in polychaete worms. This study challenges 
this hypothesis. This was done with the use of micro-dissection in anaesthetised 
polychaetes, electro-stimulation, modern light microscopy methods and novel 
application of micro-computed x-ray tomography. Investigations using scanning 
electron microscopy with freeze dried and freeze fractured specimens have revealed 
a very unusual interlacing muscle fibre pattern, in the Nephtys pharynx. This 
suggests that specialised pharyngeal muscles, and particularly a newly named 
muscle, the ventral coelomic muscle (VCM), in Nephtys, may be a primary mover of 
proboscis eversion rather than as a consequence of an increase in coelomic 
pressure. To date, only one other study has recognised this muscle, describing it as 
a ‘ventral retensor’ that possibly aided in the retraction of the extruded pharynx. The 
VCM has its origin in the ventral pharynx; it is connected to the anterior intestine, 
and inserted into the ventral body wall from segment 40-45. This, at least, suggests 
a stabilising muscle for the pharynx and proximal intestine. The present study’s 
observations suggest that this muscle is in fact a major player in a primarily 
muscular driving force for proboscis extrusion. These findings strongly suggest that 
coelomic pressure increases, associated with proboscis extrusion, are secondary 
factors in proboscis extrusion in the Nephtyidae. In the Nereidae, it would appear, 
that the combined action of the powerful longitudinal and circular muscles, together 
with the firm integrity of the outer body wall, are important players in the muscular 
extrusion of the pharynx and jaws. Associated increases in coelomic pressure are 
possibly a secondary effect and linked more with burrowing and body movement 
and hydrostatic support. 
In errant polychaetes with relatively short straight guts the anterior sections of the 
gut should be expected to play an important role in food processing, especially as 
examination of the intestines of many species, especially Nephtyidae, have revealed 
many of them to be empty. 
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INTRODUCTION 
  4 
 
1.1 RATIONALE FOR STUDY 
Polychaetes are amongst the most frequent and abundant marine 
metazoans in benthic environments. Whilst much investigation and 
documentation has gone into the food (Clark, 1962a, Hunt, 1925, Mare, 1942, 
Saunders, 1956) and the mechanisms of food capture by polychaetes 
(Harley, 1950, Last, 2003, Lemieux et al., 1997, Riisgard, 1991, Ronn et al., 
1988), there is a paucity of detail as to how ingested materials are processed 
and digested. Despite their obvious importance, many published studies of 
the feeding methods of polychaetes have tended to the anecdotal, 
particularly the descriptions of proboscis and pharyngeal functional anatomy. 
Recent advances in light microscopy, confocal scanning laser microscopy 
and x-ray computed tomography (Dinley et al., 2010) make it opportune to 
revisit how polychaetes process their food, from the time of capture, to the 
point of excretion. In particular, this study seeks to compare representatives 
from different polychaete clades by characterising the food capture 
mechanisms, gut function, morphology and histology in both omnivores and 
carnivores. 
The representatives are Arenicola marina – a subsurface deposit feeder, 
Hediste diversicolor – an omnivore and Nephtys hombergii an active predator. 
1.2 INVESTIGATION OF THE FEEDING 
MECHANISMS OF POLYCHAETES 
Interest in the anatomy, physiology and energy efficiency of digestion in 
polychaetes has varied from decade to decade since the late 19th century. 
The claims of August Putter (1909) that aquatic animals could live by 
absorption of dissolved organic material (DOM) across their body walls 
caused controversy among scientists which still exists today. Early science 
was very critical of these suggestions and it was not until the late 1940s with 
the advent of radioisotope labelling techniques, first used by Ussing (1949) 
and then applied to DOM uptake studies by Grover Stephens (Stephens,  
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1962, Stephens, 1972), that further insights into DOM uptake were gained. 
This work of Stevens followed by many others demonstrated that soft-bodied 
marine invertebrates had the capacity to absorb DOM via epidermal carrier 
transport mechanisms. This did not apply to their fresh water counterparts. 
A comprehensive revi of the subject by Jorgensen ( 1976) concluded that 
whilst invertebrates inhabiting sediments rich in organic matter seemed to be 
able to cover major parts of their energy requirements for body maintenance, 
animals living in open sea water would seem able only to cover insignificant 
fractions of their total energy requirements from this source of nutrition. 
1.3 FEEDING, GUT ARCHITECTURE AND 
BURROWING ACTIVITIES 
Whilst the early scientists involved in polychaete research did not have 
modern investigative techniques available to them they still excelled at 
anatomical drawing and descriptions. To date, some of the best drawings 
and descriptions of intestinal tracts came from the 17
th Century scientists 
(Ehlers, 1864-1868, Langerhans, 1880)  although Emery (1886) thought that 
some of the ligaments of Nephtys were striated muscles.  It was not until the 
early 1960s that Clark and Clark provided the definitive anatomical 
descriptions of the fine structure of the ligaments and musculature of 
Nephtys (Clark and Clark, 1960, Clark and Clark, 1960(a)). Clark (Clark, 
1955, Clark, 1956a, Clark, 1956b, Clark, 1958) also made a detailed study of 
the anterior nervous system of Nephtys, which together with a parallel study 
of the vascular system, has been the basis of the modern understanding of 
the functioning of its pharyngeal musculature. It was subsequently left to 
Phillips Dales (1962) to give a definitive description of the polychaete 
stomodeum and the possible inter-relationships of the families of polychaetes 
based upon his findings. Dales (1963a) subsequently described feeding and 
the structure of the annelid gut. 
Dales (1969) also produced pioneering studies of energy metabolism 
in Annelids. These works together with the early digestive enzyme 
descriptions of Barrington(1962) and Jeuniaux (1967) were continued by 
Michel (Michel and DeVillez, 1978, Michel, 1970b, Michel, 1992). These  
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studies concluded that once food is acquired, digestive processing 
determines an animal’s rate and extent of energy gain and nutrients. In 
particular food volume limits throughput, so the kinetics of digestive 
processing are expressed statistically in gut morphologies. An understanding 
of gut kinematics, and comparative descriptions of gut morphology can 
therefore be used to infer digestive constraints. The optimal digestion theory 
of Penry and Jumars (Penry and Jumars, 1986, Penry and Jumars, 1987), 
provides one basis for such an inference. These authors suggested that 
longer guts favoured a fermentation digestive process reliant on gut micro 
flora, whilst animals using their own enzymatic secretions have simpler 
tubular guts such as the shallow water species of Nephtys and Hediste of the 
present study. They also suggested that the guts of worms using digestive 
fermentation are often characterised by expanded chambers that allow 
mixing and extend mean particle residence times. 
A subsequent study (Penry and Jumars, 1990) analysed the gut architecture 
of 42 species of polychaete and quantified the differences of these in terms 
of ratios of gut to body volume ratio, relative compartmental ratios and total 
gut aspect ratios. Part of their conclusions was that median gut volume per 
unit of body volume, in deposit feeders, is twice that of carnivores. Deep-sea 
deposit feeders tend to have relatively longer and larger guts than closely 
related near shore and shelf species. More recent work (Ahrens et al., 2001) 
demonstrated the importance of a further element in the digestion jigsaw. It 
showed that most deposit feeding marine polychaetes have gut pH values 
that are 1-2 orders of magnitude lower than that of ambient seawater (pH 8). 
These levels can not only influence enzymatic reactions but also increase the 
absolute solubility of mineral for absorption (Needham et al., 2004). 
 
1.4 FEEDING IN NEPHTYID AND NEREID 
POLYCHAETES 
Clark (1962a) found that when Nephtys sp. were sampled after the ebb tide, 
only 36% of the individuals had food components in their digestive tracts. 
The feeding habits of Nephtys caeca were characterised by Caron (2004)  
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which indicated that N.caeca was carnivorous. This was inferred from the 
observation that nearly all specimens examined had empty digestive tracts, 
consistent with the rapid digestion and absorption of animal tissues (Hunt, 
1925). It should be noted that Caron (Caron et al., 2004) included a 
methodological caveat, that following fixation, the fixative fluids must be 
examined, to avoid any error due to gut evacuation during the procedure. 
Fauchald & Jumars (1979) defined the polychaete Neanthes virens as 
an omnivorous annelid, although its carnivorous behaviour is well 
documented by Copeland and Weiman (1924). Olivier et al. (1993) 
investigated the feeding behaviour of N.virens over its life cycle at an 
experimental site. Overall they found that whilst juveniles were detritus 
feeders, the mature worms were either carnivores or omnivorous. Organic 
matter resulting from the digestion or decomposition of aquatic plants and 
algae was commonly observed within their digestive tract (Oliver et al., 1993). 
Oliver also showed that N.virens modified its diet to the variability of 
environmental factors. Caron et al.(2004) found the gut of N.virens to contain 
vegetal or animal detritus, diatoms, N. virens, parapods, crustaceans, 
gastropods, as well as fragments of other polychaetes. 
 
 
Figure 1. Hediste and Nephtys with proboscis extruded 
 
The study by Trevor (Trevor, 1977) investigated the intimate association 
between the pharyngeal and body wall musculatures of Hediste diversicolor 
and Arenicola marina.  His extrapolations between coelomic pressure 
increases, at the time of proboscis extrusion, reinforced the paradigm of 
hydrostatic pressure being the prime motive force for pharyngeal extrusion  
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for feeding and burrowing. He also stated that the lower coelomic pressure 
pulses measured in Hediste when compared to Nephtys reflected the 
former’s slower rate of burial and that closure of its septa of during burial, to 
form water-tight compartments, reduces its burial capability and flexibility. My 
repeated studies of coelomic pressure measurements, in Hediste and 
Nephtys, using fine plastic catheters confirmed these pressure changes but 
our further work suggests that all the changes in coelomic pressures during 
proboscis extrusion (Figure 1) in both Hediste and Nephtys are secondary to 
the primary driving forces that are muscular. Whilst increases in coelomic 
pressure, brought about by contractions and volume changes in the body 
wall musculature, are essential for the burrowing process together with body 
hold and body protection during this time. I will show that it is the muscles of 
the anterior coeloms, in these polychaetes, acting through direct 
mechanisms upon their pharynxes that are responsible for proboscis 
extrusion. The present study has re-visited previous works and applied new 
experimental techniques to test the validity of the concept of a universal 
hydrostatic extrusion mechanism that is applicable to all polychaetes with an 
extrudable proboscis. 
1.5 AIMS AND OBJECTIVES OF THIS STUDY 
The species examined in this were Arenicola marina, Nephtys caeca, 
Nephtys hombergii and Hediste diversicolor with following aims and 
objectives. 
1.  To determine the mechanisms and functional anatomy of the pharyngeal 
musculature and its special function related to initial food processing of 
the polychaetes examined. 
2.  To determine and illustrate the function of the jaws of Nephtys and 
Hediste and their relation to pharyngeal function. 
3.  To investigate the function and processes of the ‘anterior gut’, between 
the mouth and start of the intestine. 
4.  To determine the function and anatomy of the oesophageal pouches in 
H.diversicolor, and their role in to digestive process.  
  9 
5.  The gross anatomy and ultra-structure of the intestinal elements of the 
study species. 
6.  To look at the “end gut” function with special regard to faecal packaging 
and the reason for so many authors reporting high percentages of empty 
intestines in fresh specimens of Nephtys.  
7.  To document and photographically illustrate the anatomy of the species 
examined including video documentation with separate photographic and 
video appendices for the thesis. 
8.  To investigate the mechanisms of proboscis function in respect of both 
food capture and burrowing. 
To achieve these aims this study has:  
1.  Developed micro-dissection and microsurgery techniques together with 
instrumentation, suitable for the sizes and species examined. 
2.  Developed a publishable photographic and video record of all dissections, 
preparations and surgical procedures. 
3.  Modified existing and attempted to develop new investigative techniques 
to show the functional anatomy of the species examined. 
4.  Investigated the possibility of using X-ray techniques to image polychaete 
anatomy. 
5.  Showed how the unique musculature of Nephtys augments its unique 
pharyngeal anatomy. 
6.  Showed how proboscis extrusion in all the species examined with an axial 
muscular pharynx is primarily a muscular function and not a primary 
hydraulic one involving the coelomic fluid. 
7.  Showed that stabilisation of the pharynx and anterior gut is essential for 
proboscis function and anterior gut food processing. 
8.  Showed that the food digestive process in both Hediste and Nephtys is 
virtually complete before it reaches intestinal mucosa. 
9.  Compared the results of the above with Arenicola marina.  
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CHAPTER 2 
 
 
METHODS AND 
MATERIALS 
 
‘MAN WAS NOT MADE ONLY TO CONTEMPLATE MIDGES’ 
 
Malebranche 1697. 
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2.1 INTRODUCTION. 
The functional anatomy of the digestive tracts of three families of polychaetes 
was investigated. The Arenicolidae, were chosen to represent sedentary 
feeders, Nereidae were selected as examples of errant omnivores and 
Nephtyidae which are very aggressive errant carnivores. They also 
represented apparent different styles and muscular power of proboscis 
function both in burrowing and food capture. 
Techniques for the investigation of the anatomy of proboscis function, food 
capture and food processing were developed and these included, micro-
dissection with redesigned dissection trays, refined anaesthesia techniques 
together with pharyngeal intubation and gelatin infusion of the gut. The 
traditional techniques of histological sectioning, SEM including freeze 
fracture and TEM became the basis of initial and finally detailed micro-
structural anatomy. Electrical muscle stimulation played an important part in 
the assessment of aspects of proboscis functional anatomy. 
 Further investigative techniques, not previously used in soft bodied marine 
worms, were developed including the use of x-rays, Micro Computed X-ray 
Tomography and x-ray enhancement of intestinal anatomy with barium 
preparations.  
2.2 COLLECTION AND STORAGE OF 
SPECIMENS. 
The polychaetes used in this study were from the families Arenicolidae, 
Nereidae, and Nephtyidae; specifically Arenicola marina, Hediste diversicolor 
(O. F. Muller), and Nephtys hombergii. 
The polychaetes were dug from the areas of Poole Harbour, (Figure 2) and 
Chilling Cliffs, in the Solent, (Figure 3) at low water. Approximately 100 
specimens of A. marina, 300 specimens of H. diversicolor and 300 
specimens of N hombergii were used during the course of this study. They 
were transported and held in aerated seawater and sand for a maximum 
period of 12 hours before being placed in fully aerated aquarium tanks at the 
National Oceanography Centre, Southampton (NOCS).   
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The NOCS tanks measured 60 cms. long by 30 cms. wide and were 30 cms. 
deep. 10 cms of sand were provided for the Arenicolidae and 5 cms. of sand 
for the Nereidae and Nephtyidae with water to a total depth of 25 cms. The 
sand was taken from the same areas of the estuaries from which the 
polychaetes were collected. The water in the tanks (Figure 4) was free 
flowing and filtered from a central full strength seawater supply tank and 
aerated constantly at an ambient temperature from 8-12°C. Feeding was with 
finely chopped fish on a daily basis and from the organic matter remaining in 
the sand. 
 
Figure 2. Poole Harbour dig area (N 50°.41  50. W 1° 56 6 W) 
 
 
Figure 3. Solent dig area - Chilling Cliffs (N 50° 50 8 .13.   
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 W 1° 17 53 13) 
 
Figure 4. Polychaete seawater tank at NOCS 
2.2 MICRO-DISSECTION. 
2.2.1. HISTORY. 
Whether it is in the environment of a hospital operating theatre or a 
laboratory, the accurate identification, recording and careful manipulation of 
tissues from macroscopic down to cellular level requires the facility of 3-
dimensional magnification. 
The study of anatomy and dissection in the period from Galen (A.D. 129) 
until Andreas Vesalius (1514) was confined to humans and large mammals. 
The art and techniques of micro-dissection are generally believed to be the 
products of the technical advances of the 20th century but these credits 
should really go to the ingenuity of the scientists who not only discovered and 
developed the microscope and magnifying lenses in the 17th century but also 
the dissection techniques that evolved when the detailed microscopic study 
of small animals and invertebrates became a reality.  
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Indeed it was at this time, and because of these developments that a new 
enthusiasm was born for the scientific analysis and study of functional 
anatomy of the small invertebrates. The discoveries of these early 
microscopists were made all the more exceptional by the obvious dexterity 
that was shown in their dissections which were illustrated in the composite 
works which included the magnificent drawings and etchings some of which 
remain unsurpassed to this day. These masterpieces included ‘Micrographia’ 
of Hooke (1665), ‘Biblia Natura’ of Jansz Swammerdam (1737) ‘Dissertatio 
epistolica de Bombyce’ (Malpighi, 1669),‘Letter on the Louse’ of 
Leeuwenhoek (1696), and the ‘Cossus monograph’ (1762) of Pierre Lyonet 
(1706-1789). Lyonet also developed a special interest in the histology of 
invertebrate muscle and described their striations as spiral, a fact suggested 
by Leeuwenhoek in 1714. 
We owe the early years of micro-dissection to Hooke, Malpighi, 
Swammerdam and Leeuwenhoek. The techniques of these early pioneers 
are somewhat shrouded in mystery. Hooke was a giant of the time who not 
only founded microbiology with his pioneering ‘Micrographia’ but also 
developed the first practical compound microscope. He also coined the term 
‘cell’ for a basic biological structure. 
 We also know that Swammerdam (1637-1680) developed a dissecting 
microscope, which had two arms for holding the lens and the other to hold 
the object being examined. He also used fine instruments such as very small 
scissors, needles and knives and as with other dissectionists at the time 
used finely drawn out tubes of glass. A technique still used today and 
described by Chambers(Chambers, 1918). 
He was said to be the first to dissect his specimens under water a practice 
used commonly ever since. 
Cole (1951) in his treatise ‘The history of micro-dissection’ states that 
Swammerdam was familiar with the oesophagus passing through a nerve 
ring in Crustacea, Mollusca, and various insect larvae but  nowhere does he 
suspect that he has discovered one of the fundamental characters in the 
morphology of most invertebrate animals i.e. that whist the cerebral ganglia 
are dorsal to the gut, the remainder of the nerve chain are ventral to it.  
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He, with Boyle (1627-1691), was the first to recognise the efficacy of alcohol 
to preserve animal tissues. 
Staining techniques were first introduced by Vieussens in 1684 and by 
Leeuwenhoek in 1714. Leeuwenhoek was commonly known as the ‘Father of 
Microbiology’. It was he who also developed and used magnifying glasses, 
known in today’s surgical terms, as ‘loupes’. This suggestion was said by 
Cole to have come from van Seters (Cole, 1951).  
The techniques of modern micro-dissection were developed in the early 
years of the Twentieth Century by such scientists as McClendon, 
Tschachotin, and Barber and well documented by Chambers (1918) . They 
were to become synonymous with cellular manipulation and powerful 
binocular microscopes. They were all based on the development of an earlier 
mechanical manipulating platform that was attached to the stage of a 
microscope. This ‘microscopic dissector’ was devised and built by Dr. H. D. 
Schmidt and described in an article by him as early as 1859 (Schmidt, 1859). 
These techniques were not appropriate to the free dissections of the soft-
bodied marine worms discussed in this thesis. 
My dissections were all carried out using a binocular operating microscope, 
fine operating scissors, needle holders and forceps although supplemented 
with needles and fine glass tubes. The latter were used as early as the 16th 
century.  
2.2.2 OPERATING MICROSCOPE AND INSTRUMENTS. 
2.2.2.1. LEICA BINOCULAR OPERATING MICROSCOPE. 
The Leica Operating microscope (Figure 5) consists of a tri-ocular head (A) 
below which is a drawing arm (B) (Camera Lucida) and a camera extension 
tube (C) with fittings for a Nikon Coolpix 4500 digital camera or Sony digital 
video cameras – HC35E & CX6EK. The magnification index range is x 1.5 to 
x 10, with a stand adjustment giving a lens to specimen working distance of 5 
to 15 cms. 
There are two main light sources:  
The external light source is a dual halogen source (D) with the light focused 
on the specimen via paired twin fibre-optic ‘gooseneck’ flexible cables.  
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The internal light source is a 20W integrated sub-stage light (E) controlled by 
a dimmer switch. This permits dissection under transmitted light, which is 
advantageous for dissection of fine translucent structures such as the 
anterior pharyngeal muscles of Nephtys around the buccal tube. 
  
 
Figure 5. Leica dissecting microscope  
  18 
 
Figure 6. Zeiss 2.5X magnifying ‘loupes’ 
 
Figure 6 shows a pair of operating glasses or loupes which have a x2.5 wide 
angle magnification and a working distance of 350mm.These glasses allow 
free head movement with infinite eye to specimen distance adjustments and 
thus give complete head and visual flexibility when dissecting. Because of 
the increased eye specimen distance they also allow much more choice of 
light type and angular adjustment on the specimen. 
2.2.2.2. DISSECTING TRAYS AND RETRACTORS. 
The dissecting trays, holders and retractors were designed specifically to 
facilitate underwater dissection and accommodate a number of different size 
polychaetes whilst holding them firmly during dissection without soft tissue 
damage. 
Figure 7 shows an aluminium tray in situ on the dissecting microscope. The 
tray itself contains a 10 mm wax base at the end A, sloping upward to a 20 
mm depth at the end B. The slope allows for ease of polychaete pharyngeal 
intubation at end B and underwater dissection at end A. The wax is covered 
with a sponge-dissecting surface made from absorbent sponge cloth (C). 
A special ‘specimen holder’ was developed, which consisted of a small 
length of seawater soaked sponge, cut to a convenient length and pinned 
over the worm specimens, using yellow capped pins (Figure 8). The tension 
exerted by the sponge on the specimen was proportional to its pinned length 
and could be easily adjusted to firmly restrain the worms without any tissue 
damage. This was particularly important when holding anaesthetised worms 
with a pharyngeal tube in situ.  
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The right angle orientation of the sponge restrainer and the position of the 
holding pins on the polychaete specimen is as illustrated in Figure 8. 
Figure 9 shows two more designs for dissection trays: 
Tray A has a 1cm even depth, wax base for routine and underwater 
dissection. 
Tray B has similar depth of wax, but a clear central area for illumination 
under the specimens. This window was particularly useful for trans 
illuminating dissection specimens and delineating multiple layers of 
translucent tissues. It would also restrain small specimens or specific tissues 
in a localised pool of fluid whilst photographing or videoing them. 
 
 
Figure 7. Dissecting tray on microscope platform 
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Figure 8. Polychaete restrainer 
 
 
Figure 9. Dissection trays, pins and self-retaining retractors 
 
The pins shown in Figure 9 are those developed for pinning out and holding 
specimens and their tissues during dissection. The larger 30 mm. yellow 
headed pin (C) was used for stabilising the heavier tissues and particularly 
the specimen holding sponges. The pins with curved tops (D) are lateral 
retracting pins used for body wall retraction without penetration. These  
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prevent the tissues from slipping off the pins when under tension without pin 
damage to the tissues. By far the commonest pins used were the fine 
entomological pins (E). Small self -retaining retractors were made from safety 
pins (F). They were especially useful for retracting body wall tissues when 
operating on anaesthetised worms.  
2.2.2.3. INSTRUMENTS FOR MICRO-DISSECTION 
The instruments used for dissection fall into one of two groups; 
1.  Mini-instruments (Figure 10) used for general dissection of harder 
tissues with or without ‘loops’. 
2.  Micro-instruments (Figure 11) used for dissection and for operating 
with the operating-microscope. 
Figure 10 illustrates from left to right:  
1.  Fine dissecting forceps. 
2.  Small dissecting scissors. 
3.  23g. hypodermic needle. 
4.  30 mm yellow headed pin. 
5.  Small self-retaining retractor. 
6.  A pair of fine clip artery forceps seen holding a hypodermic needle. 
 
Figure 11 shows the micro-dissection and operating instruments. These are: 
A.  Fine straight forceps. 
B.  Curved fine forceps. 
C.  Fine dissecting scissors. 
D.  Surgical micro. Needle holder for use with ultra fine (6-0) sutures. 
E.  Ultra-fine dissecting scissors. 
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Figure 10. Mini-Instruments 
 
 
Figure 11. Micro-dissection Instruments 
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2.3 PREPARATION, PRESERVATION AND 
FIXATION OF SPECIMENS 
2.3.1 FOR DISSECTION AND ROUTINE HISTOLOGY 
For the routine preparation and preservation of dissection material and for 
routine histology a picric acid fixative in a modified form of Bouin’s fluid was 
used. The modification was the addition of Urea, which provides for better 
stain uptake, better tissue sectioning, and a reduction in tissue distortion. 
This consisted of: 
1.  Saturated aqueous picric acid solution-75ml. 
2.  40% formaldehyde- 25ml. 
3.  Glacial acetic acid- 5ml. 
4.  Urea-10gm/litre. 
Specimens were left in this fixative for at least 24 hours before any other 
processing. 
2.3.2 FOR SCANNING ELECTRON MICROSCOPY. 
Scanning electron microscopy is typically done in a high vacuum and 
therefore specimens must be prepared for a high vacuum-imaging 
environment. Biological tissues must be fixed to preserve their native 
structure and this can be done by chemical or physical means. Chemical 
fixation typically uses formalin or gluteraldehyde in a buffer of a specific pH 
and osmolarity. In this study the method of tissue fixation was as follows: 
1.  The main fixative used was 3% Glutaraldehyde, in 0.1M phosphate 
buffer plus 1% NaCl (or 14% sucrose) at pH 7.2. As all specimens 
were of marine origin the osmolarity of the fixative and buffer rinse 
were raised by the addition of either 1% NaCl or 14% sucrose. 
2.  The buffer used for rinsing specimens was 0.1M phosphate buffer plus 
1% NaCl (or 14% sucrose) at pH 7.2. 
3.  The post fixative used was 1% osmium tetroxide on 0.1M phosphate 
buffer plus 1% NaCl at pH 7.2  
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Following progressive dehydration with ethanol, the specimens went through 
the process of Critical Point Drying, mounted on a stub with an adhesive pad, 
and then a conductive metal coat of gold palladium is applied by spluttering. 
If the specimen is not covered with a micro thin layer of conductive metal, the 
electron image will be of very poor quality and very dark.  
The timing schedules for the specimens are as shown in Table 1 below: 
 
METHOD  TIME IN MINUTES 
Fixative 
Buffer Rinse 
Buffer rinse 
60 
10 
10 
Post fixative 
Buffer rinse 
Buffer rinse 
60 
10 
10 
30% ethanol 
50% ethanol 
70% ethanol 
95% ethanol 
10 
10 
10 
10 
Absolute ethanol 
Absolute ethanol 
20 
20 
Critical point dry   
Mount specimens on stubs   
Sputter coat   
 
Table 1. Timing schedules for SEM specimen preparation 
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2.3.3 FOR TRANSMISSION ELECTRON MICROSCOPY. 
TEM was used to obtain ultra-high resolution images of the polychaete 
tissues, at cellular level, in order to build up a new comparative images 
across the species examined.  
The basic stages of tissue specimen preparation for TEM are as follows; 
1.  Fixation 
2.  Dehydration 
3.  Infiltration of the specimens with resin. 
4.  Polymerisation of the resin blocks containing the specimens. 
5.  Sectioning of the blocks with either a glass or a diamond knife.  
 For TEM primary fixation the following method was used: 
1.  3% Glutaraldehyde and 4% formaldehyde in 0.1% PIPES buffer and 
1% NaCl at pH 7.2. 
2.  The buffer used to rinse specimens was 0.1% PIPES buffer at pH 7.2. 
3.  The post fixative used was 1% osmium tetroxide in 0.1 M PIPES 
buffer and 1% NaCl at pH 7.2. 
The TEM specimen preparation schedule was as shown in Table 2 below. 
On completion of this preparation schedule the specimen blocks from stage 
18 of Table 2 are trimmed to expose the specimen and a trapezoidal cutting 
face formed. This is done using a single sided razor blade and a 
stereomicroscope. 
Sections were cut with a glass knife (Figure 12) fashioned from a special 
grade of plate glass, on a cutting jig’ just prior to use. A trough fashioned 
from Elastoplast (Figure 13-C) was then added to hold the water, onto which 
the specimens will float off, once they are cut. This knife (C) is then mounted 
on the stage (D) of the Ultra microtome Figure 13. 
The trimmed specimen block (Figure 13-A), containing the specimen B, is 
mounted in a chuck held on the arm of the Ultra microtome. 
The first stage in cutting sections is to obtain ‘semi-thin’ sections. These are 
approximately 1-2 µm thick and once cut, float off onto the water in the  
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trough. These sections are picked up with a wire loop and mounted on pre-
warmed microscope slides and are stained using toluidine blue and 
examined by light microscopy to aid in the correct orientation of the specimen 
and to help identify the correct area in the specimen for cutting thin sections. 
Once the correct areas has been located, ultrathin sections of 60-80 nm 
thickness are cut. These sections are carefully floated onto copper TEM grids 
which are carefully removed from the water and dried on filter paper 
Ultra-thin sections were then stained with Uranyl acetate and Reynolds lead 
stain and placed in filing trays and labelled. 
 
Method of staining grids: 
Reagents 
1.  Uranyl acetate 
2.  Reynolds Lead stain 
Method 
1.  Invert grids section side down onto drops of Uranyl acetate solution in 
the dark. 
2.  Was gently in a stream of distilled water and blot dry. 
3.  Invert grids section side down onto drops of lead stain in the presence 
of NaOH pellets to absorb CO2 
4.  Wash gently in a stream of distilled water and blot dry 
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METHOD  TIME IN MINUTES 
1. Main fixative  60 
2. Buffer rinse 
3. Buffer rinse 
4. Post fixative 
10 
10 
60 
5. Buffer rinse 
6. Buffer rinse 
7. Brief rinse in water 
10 
10 
8. 2% (aq) Uranyl acetate 
9. 30% ethanol 
10. 50% ethanol 
11. 70% ethanol 
12. 95% ethanol 
20 
10 
10 
10 
10 
13. Absolute ethanol 
14. Absolute ethanol 
15. Acetonitrile 
20 
20 
10 
16. 50:50 acetonitrile: 
resin. 
17. Resin (TAAB) 
Overnight 
6 Hours 
18. Embed in fresh resin 
and polymerise at 60°C. 
20-24 Hours 
 
Table 2. Timing schedules for TEM specimen preparation 
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Figure 12. Glass TEM Knives 
( A- Knife; B-Knife with Elastoplast trough for water; C- Elastoplast strip) 
 
 
Figure 13. Ultra microtome with glass knife and specimen 
 (A-specimen block; B-specimen; C-water trough; D-knife holder) 
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2.3.3 THE VIBRATOME AND CONFOCAL 
MICROSCOPY 
It is almost impossible to section very soft and fresh tissue, without the use of 
the traditional embedding techniques and materials, all with their associated 
problems and possible artefacts. To overcome these difficulties an 
instrument called the Vibratome was developed. The Vibratome is shown in 
Figure 14. It is similar to a microtome but uses a vibrating razor blade fixed in 
the holder Figure 14-A to cut the tissue being sectioned. The vibration 
amplitude, speed and blade angle can all be accurately controlled. The great 
advantage of the Vibratome is that it allows the reproducible production of 
thin sections of delicate fresh tissue without the need for pre-sectioning 
embedding procedures, typically using stabilizing agents such as low-melting 
point agarose or freezing. Its disadvantage is that the single sections cut and 
collected, are more difficult to handle. To prevent creasing, sections were 
floated off in a bath of filtered seawater. 
The Vibratome used was an Intergraslice model 7550 PSDS, Campden 
Instruments, Leicester, Leicestershire, UK.  
Fresh ventral coelomic muscle from the Nephtys hombergii is of a very soft 
consistency and very difficult to section in the fresh state without mounting in 
traditional materials. Therefore to section fresh Nephtys ventral coelomic 
muscle (VCM) and also thin slices of Nephtys fresh pharyngeal muscle for 
confocal microscopy, the Vibratome was essential. 
Fresh specimens of Nephtys pharyngeal muscle and ventral coelomic 
muscle sections were dissected and fixed directly to the jig of the Vibratome 
Figure 14-B using cyanoacrylate adhesive and the whole was immersed in a 
bath of saline.   
The single muscle specimens were then subjected to rhodamine phalloidin 
staining of actin filaments with the following schedule: 
 
1.  Fixed in 4% formaldehyde in phosphate buffered saline (PBS)-2 x 5 
minutes. 
2.  Washed in phosphate buffered saline—3 x 5 minutes.  
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3.  Permeabilised in phosphate buffered saline containing 0•5% Triton 
x100. 
4.  Incubated in rhodamine phalloidin diluted 10(-6) M in PBS - 30 
minutes. 
5.  Washed in PBS - 3 x 5 minutes. 
The specimens are now ready to be examined with confocal microscopy. 
 
 
Figure 14. The Intergraslice Vibratome 
 
We looked at semi-thin sections of ventral coelomic muscle (VCM), which 
had been taken from both relaxed worms and those fixed with proboscis 
extruded. In both cases specimens were carefully taken by microscopic 
dissection, immediately after death, and fixed in a solution of 3% 
gluteraldehyde, 4% formalin, 0.1M Pipes, and 1% sodium chloride. Sections 
were then looked at under light microscopy and TEM. The specimens for 
light microscopy were stained with 1% toluidine blue with 1% borax. The 
results are described in Chapter 6. 4.1.  
  31 
2.3.4 RADIOLOGY-MINI X-RAY 
A mini X-ray machine was used to try to identify radio opaque anatomical 
structures in the polychaetes and to assess its value in structural anatomical 
assessment. 
 
Figure 15. ‘Faxitron’ specimen radiography system 
 
This instrument, which is bench mounted and easily portable, produces a 
high-resolution digital image in seconds. It has a 10-50 kV range. The lower 
kV range, which produces less penetrating X-rays was found to be ideal for 
the imaging of polychaetes. This was found to be particularly useful for 
examining jaw elements and identifying their positions, as well as for trials of 
possible radio opaque dyes or imaging ingested materials. 
The polychaete specimens are placed on a adjustable shelf between the X-
ray source and the detector.  Specimen distance from the x-ray source could 
be varied to change the magnification. Figure 16 illustrates a low kV X-ray of  
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the proximal segments of Hediste diversicolor showing the low-density 
segments, parapodia (pa), proboscis (prob) and the high-density jaws. 
 
 
Figure 16.  X-ray of the anterior segments of Hediste 
diversicolor to show the jaw anatomy and position in its 
resting state 
 
2.3.4 MICRO-COMPUTED TOMOGRAPHY 
The detailed examination of the internal and functional anatomy of soft-
bodied marine worms has, until now, only been possible using the time 
consuming and destructive techniques of dissection, histology and electron 
microscopy. 
This is the first description of soft body morphology in polychaetes (Nephtys 
hombergii) produced by means micro-CT. The data has been augmented 
and illustrated, for comparison, by dissections, microscopy and SEM of the  
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same species to show how this non-destructive technique can rapidly and 
reliably produce high quality morphological data. It can also be applied to 
rare or unique invertebrate soft tissue material, from museum collections to 
large-scale invertebrate comparative anatomical studies, possibly leading to 
greater evolutionary and taxonomic understanding (Faulwetter et al., 2013b). 
A full description of the development and use of this technique, in the 
understanding of polychaete anatomy for this work, is given in detail in 
Chapter 3. 
High definition images were obtained without the use of special tissue 
enhancing stains or radio-opaque fluids and it is believed that this is the first 
time such a technique has been successfully applied to this group of 
invertebrates using such a scanner. Where special anatomical detail was 
required, new injection techniques using safe chemicals, such as barium and 
iodine based products, were developed and will be discussed specifically in 
Chapter 3. 
 Extrapolation of the sectional imaging of regions of the gut, the production of 
3D rotating and ‘fly-through’ imaging can assist in assessment of many 
aspects of functional anatomy. 
2.4 EXAMINATION TECHNIQUES FOR TISSUE 
SPECIMENS. 
2.4.1 LIGHT MICROSCOPY. 
Polychaete specimen material intended for paraffin wax embedding and 
sectioning were fixed in modified Bouin’s solution at 20°C. The formulation 
for this fixative and other stains are set out in Appendix 1. 
Following fixation, the tissue was dehydrated by passage through an ethanol 
series, up to absolute alcohol dried by the addition of anhydrous copper 
sulphate. Clearing of the tissue was performed using Xylene, after which it 
was transferred to a mixture of paraffin wax dissolved in Xylene and left for 
12 to 24 hours. The final process of wax impregnation was completed by 
transfer to a wax bath at 70°C and left overnight. The tissue was then  
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embedded in a fresh molten wax in an oblong mould, care being taken to 
orientate the specimen and appropriately label it. 
The block was trimmed, orientated and mounted on a ‘Cambridge’ rocking 
arm microtome (Figure 16) and serial sections 8-12 microns in size, cut. The 
ribbons of sections were floated off onto the surface of a warm water bath at 
40°C, and individual sections selected and floated onto warm slides which 
were then left to dry on a warmed surface. 
The sections were de-waxed in xylene and rehydrated via decreasing 
concentrations of ethanol, into an appropriate low concentration of alcohol or 
water, ready for staining in accordance with the protocols in Appendix 1. 
Permanent preparations after staining were mounted with the synthetic resin 
DPX, and a No.1.5 thickness coverslip and dried slowly over 24 hours on a 
drying box. The sections were then examined and photographed using an 
“Olympus BH2’ microscope (Figure 18). 
 
 
Figure 17. ‘Cambridge’ rocking arm microtome  
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Figure 18. Olympus BH2 microscope 
2.4.2 SCANNING ELECTRON MICROSCOPY 
Two types of SEM machines were used for specimen imaging and both were 
of the variable pressure type. 
The LEO 455 VP (Figure 19) was the machine used at the Natural History 
Museum, London, whilst the FEI QUANTA 200 (Figure 20) was that used in 
the Biomedical Imaging Unit, University of Southampton, Southampton 
University Hospitals NHS TRUST  
Both instruments offered high vacuum, and variable pressure capabilities. 
High vacuum scanning allowed for higher resolution images to be obtained, 
but required that all specimens were coated with gold palladium, to conduct 
away static charge. Under variable pressure conditions, charge suppression  
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was achieved by the admission of a low pressure gas into the sample 
chamber. This allowed specimens to be examined in an uncoated state. The 
disadvantage is that only the lower magnifications of less than 2000x were 
possible. Variable pressure SEM was helpful when examining freeze 
fractured specimens of polychaete gut structures. 
 
Figure 19. ‘LEO 1455 VP’ scanner 
 
 
Figure 20. ‘FEI QUANTA 200’ SEM machine  
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2.5 ANAESTHETICS AND PHARYNGEAL 
INTUBATION 
2.5.1 ANAESTHETIC AGENT 
Ledingham & Wells (1942), introduced a ‘magnesium solution’ for 
anaesthetising polychaetes especially Arenicola. They found it safer and 
more reliable than others used at the time, such as menthol, cocaine or even 
tobacco. They stated that tissues were undistorted and good for histology 
and that the ‘new solution’ narcotised for several hours with a low death rate. 
The anaesthetic agent used for all the polychaetes in these studies was 
tricaine methane sulphonate or MS222. This anaesthetic agent fulfilled all 
the criteria of Ledingham and Wells and anaesthetic induction, anaesthesia 
and recovery were all easily controlled. 
MS222 is a fine, white, odourless powder, readily dissolved in seawater and 
unlike when dissolved in fresh water, it does not need a buffer before 
administering to marine animals. A 1% solution of MS222 in seawater was 
used to anaesthetise all the polychaetes regardless of their size and weight.  
MS-222 is a topical anaesthetic, and has been used extensively for 
immobilising fish, amphibians and other aquatic cold-blooded animals. 
 It has not been described previously for the sedation of polychaetes. Most of 
the previous research on this drug has centered around its tranquilising and 
anaesthetic properties (Schoettger, 1967). Its rather diffuse effects on central 
autonomic functions was described by Houston (Houston et al., 1971a). 
Maeno (1966) demonstrated that tricaine reduces the end-plate potentials at 
the frog neuromuscular junction and antagonises the action of serotonin in 
several invertebrate species (Nystrom, 1967). There have also been several 
general studies on the mechanisms of elimination of MS222 and animal 
recovery processes (Houston et al., 1971a, Hunn et al., 1968)  
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2.5.2 ANAESTHETIC TECHNIQUE 
A 1% solution of MS222 was made by dissolving 1 gram of the powder in 
100 ml of fresh seawater. The polychaetes were placed in this solution at 
room temperature. They initially exhibited a vigorous excitatory phase of 
activity, when placed in the anaesthetic solution, particularly the Nephtys. 
Hediste and Arenicola, respectively, proved less susceptible to this reaction. 
This ‘induction’ phase consisted of a sudden increase in powerful body 
movements, associated with rapid and repeated pharyngeal extrusions. 
Occasionally these movements were so violent in Nephtys, that body wall 
fracture sometimes occurred (Figure 21). 
 
Figure 21. Body wall fracture in Nephtys after rapid 
anaesthetic induction and violent body movements 
 
This was especially the case if stronger solutions greater than 5% of MS222 
were tried when fractures occurred in at least 20% of Nephtys. 
 The ‘induction’ phase usually lasted about 30 seconds, after which time, the 
worms became progressively more anaesthetised. The time taken for the 
worms to become fully anaesthetised varied with the size of the polychaete 
and with species but was generally in the range of 5-15 minutes.  
Using more dilute solutions of MS222 and increasing the overall induction 
time could considerably reduce the violent movements of the ‘induction 
phase’ in Nephtys. 
Arenicola marina was the slowest to succumb to anaesthesia, followed by 
Hediste diversicolor and then Nephtys hombergii. The degree of muscular 
stimulation noted, during the ‘excitation phase’ of the anaesthesia, was 
observed to be in the reverse order. This latter effect may well relate to the 
findings of Frazier & Narahashi (1975) who concluded that the action of  
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tricaine in shifting the sodium conductance in the direction of depolarisation 
had the effect of increasing the threshold of excitation. This together with the 
sodium conductance inhibition, contributed to the conduction block. The 
speed of absorption and hence the stimulatory effect of MS222, would 
possibly vary in the polychaetes, because of the differences in the anatomy 
of their absorptive tissues especially that of their body walls, nephridae and 
gut. 
The anaesthetic effects of MS-222 on all the polychaetes appeared to be 
quickly eliminated on return to immersion in fresh seawater or infusing their 
guts with seawater. Frazier & Narahashi (1975) also noted this rapid 
reversibility effect of MS-222 when dealing with its effects on squid axon 
membranes. 
This recovery would usually take place over a period of 5-20 minutes. The 
‘recovery time’ in the polychaetes, appeared to be proportional to the 
duration of the anaesthetic. 
2.5.3 PHARYNGEAL INTUBATION 
This technique was developed for both the control of anaesthesia during 
surgery as well as for gut irrigation during the introduction of radio opaque 
dyes and the rapid injection of fixatives. The glass and silastic ‘pharyngeal 
tube’ is as shown in Figure 22. It consists of a 3cm long by 2mm wide glass 
tube inserted into a 10cm by 3mm wide silastic tube. At the end of the latter 
and larger tube is a Luer ‘taper fit’ connection for a syringe or infusion system. 
The fine glass end of the pharyngeal tube (PT) is slipped into the buccal 
cavity or pharynx of the polychaete as shown in Figure 23 and secured in 
place with either a sponge ‘polychaete” holder’ (Figure 24) or a cotton tie just 
distal to the mouth as shown in Figure 25. 
Intubation is most easily achieved on already anaesthetised polychaetes. 
This not only reduces the risk of tissue damage but also often reduces the 
need for tying in the pharyngeal tube. Intubation, in these circumstances, 
could then be used for the maintenance of anaesthesia or infusion of other 
fluids or gels. 
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Figure 22. Polychaete silastic ‘pharyngeal tube’ 
 
 
Figure 23. Position of pharyngeal tube in Nephtys 
 
 
Figure 24. Pharyngeal tube secured with ‘sponge polychaete 
holder’ 
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Figure 25. Pharyngeal tube in situ, connecting Hediste to 
syringe 
 
Figure 25 shows the ‘pharyngeal tube’ secured in the pharynx and gut of 
Hediste diversicolor.  The silastic tube and Luer fitting are connected to a 
syringe held by a retort stand and clamp on the right of the figure. This 
‘intubation’ may be used for any of the following: 
1.  Gut irrigation and collection of faecal sac material. 
2.  Gut infusion with gelatin for delineation of body architecture by 
dissection. 
3.  Infusion of radio-opaque barium or iodine dye in preparation for micro-
CT. 
4.  Control of anaesthesia with a controlled infusion of 1% solution of 
MS222  
5.  Measurement of intra-pharyngeal pressure by connection to monitor. 
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2.5.4 GELATIN INFUSION TECHNIQUE 
2.5.4.1 ANATOMICAL ENHANCEMENT TO AID DISSECTION 
AND IMPROVE SPECIMEN SECTIONS AND SECTIONING 
Gelatin infusion of the polychaete gut was a technique developed initially to 
try to aid and improve anatomical dissection. It was also found to produce 
normal looking and slightly distended sections of the gut anatomy for 
analysis of sections. With the aid of infused gelatin, dissection could then be 
carried out on trays without the need for fluids to support or irrigate  the 
tissue during  underwater dissection, which is both helpful and indeed 
necessary, in fresh or anaesthetised specimens. It was also possible to see 
and examine, in much more detail, the normal relative positions of other 
structures such as muscles, ligaments, and parapodial structures in relation 
to the gut and coelomic cavity. When the gelatin was combined with Bouin’s 
solution, it was possible to fix the filled gut sections in situ and dissect them 
later. Under these circumstances the gelatin took on a yellowish colour.  
During further development of the technique, it was found possible, to 
produce gelatin casts of the gut and body sections from mouth to anus. With 
these casts, together with sequential transverse sectioning, it was possible to 
produce a photographic ‘fly through’ montage of the gut areas and body 
cavities of the polychaetes. 
The 5% gelatin solution used for infusion was prepared by dissolving 10 
grammes of powdered gelatin (Figure 26) dissolved in filtered seawater. 10 
grams of powdered gelatin in 200 ml of cold filtered seawater and then gently 
heating the solution to 50°C. Once all of the gelatin had been fully dissolved, 
it was allowed to cool to about 5°-10°C.  The addition of Bouin’s solution was 
carried out with aliquots of reduced volume at low temperatures in a ratio of 1 
part gelatin to 1 part Bouin’s solution.  
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Figure 26. Gelatin in powder form 
 
At a temperature of about 5°C, the liquid gelatin can be drawn up into a 10-
20 ml syringe ready to be injected into the gut of the polychaete. 
The syringe, attached to the glass and silastic intubation tube, was filled with 
warm gelatin and any air bubbles were carefully flushed from the system The 
syringe was then clamped into retort stand holder and adjusted so that the 
glass tube end will easily in reach the worm. After pharyngeal intubation of 
the polychaete was performed and the ‘pharyngeal tube’ stabilised by either 
positioning the anaesthetised polychaete on a sponge soaked in seawater 
(Figure 24) or by tying the tube into the buccal cavity by putting a fine tie 
around the worm just distal to the mouth (Figure 27). 
The gelatin was slowly injected until it was expelled from the anus. This 
procedure gently filled and distended the gut producing a normal gut contour 
(Figure 28). 
At this stage, if a ligature is placed anywhere around the polychaete the gut, 
proximal to the ligature, will distend further. This technique of positive 
pressure perfusion was found to be useful to emphasise areas of the gut at  
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dissection (Figure 28) or to make certain that any diverticulae were fully 
perfused and distended (Figure 29). 
 
 
Figure 27. Pharyngeal Tube tied into buccal cavity of Hediste 
 
Figure 27 illustrates the 2 mm glass tube at the end of the injection apparatus 
tied into the buccal cavity of Hediste and connected at the other end to the 
3mm silicone tubing leading to the syringe. 
 
 
Figure 28. H.diversicolor gut filled with gelatin showing 
segmentation 
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Figure 28 shows the effect of perfusion of the intestines of H.diversicolor with 
5% gelatin. After perfusion, the dorsal body wall was removed and illustrates 
the segmentation of the gut together with its attachments to the body wall 
and the relationship between the segment and the parapodia. The gelatin 
has set into a firm consistency and allowed easy and accurate dissection of 
individual areas of gut, to show local relationships and connections. Using 
this technique, it was possible to cut the body wall in transverse, sagittal or 
oblique section to illustrate areas of gross anatomy. 
Figure 29 shows the anatomical distension of the distal pharynx, pharyngeal 
pouches, stomach and proximal gut of Hediste with the body walls pinned 
back. It illustrates just how closely the pharyngeal pouches closely fit into the 
lateral gastro-pharyngeal grooves. This close relationship in turn may 
augment the emptying of the pouches when ingested material passes from 
pharynx to stomach with gut peristalsis. 
 
Figure 29. H.diversicolor dissection; 
 Anterior dissection showing distended proximal gut and 
pharyngeal pouches filled with gelatin lying between pharynx 
and stomach 
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2.6 CALCIUM SALT ASSESSMENT OF 
POLYCHAETE TISSUES USING A CHAMBER 
FURNACE FOR CALCINATION. 
 
Figure 30. ‘Carbolite’ laboratory furnace 
 
Figure 30 illustrates a laboratory furnace used for Nephys tissue ‘ashing’,and 
capable of sustaining temperatures up to 800°C with a adjustable 
temperature thermostat. Temperatures, actual and final, are showing in the 
green LED screen on the face panel. The 23-litre furnace chamber has a 
thick ceramic floor and a heavy upward opening door. 
The technique for calcium salt assessment in polychaete tissues and 
calculations can be found in Appendix 1-1.0. Polychaete tissues, which have  
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been oven treated are kept in a desiccation chamber until all weighing and 
measuring procedures have finished. 
2.7 PRESSURE MONITORING TECHNIQUES 
AND APPARATUS. 
It has long been a belief that the movements of soft-bodied invertebrates are 
a functional combination of the interaction between body wall muscles and 
coelomic fluid, together with the associated the hydrostatic pressure waves 
generated (Ashworth, 1904, Chapman and Newell, 1947). Indeed, the 
coelomic fluid, together with the hydrostatic pressures generated by its 
surrounding muscles, have been described as the invertebrate ‘hydrostatic 
skeleton’ (Chapman, 1958).  
This has been further extrapolated, as the mechanism of proboscis function, 
in those polychaetes that have a proboscis capable of extrusion (Clark and 
Clark, 1960). All of this previously pivotal work of assessing coelomic 
pressures in polychaetes was performed with rigid metal or glass probes. As 
part of this thesis, it was felt important to develop a new technique to 
reassess some of these previously measured pressures in the polychaetes 
being studied. To do this, modern, medical intravenous fine plastic cannulas 
and catheters together with pressure transducers were used. 
It was also hoped to be able to measure local segmental pressures in the gut, 
especially in those areas with stronger musculature, such as the Nephtys 
pharynx. 
To achieve these goals it was felt necessary to review some of the fine 
plastic cannulae used in hospital anaesthetic departments and some of the 
fine spinal catheters used for epidural analgesia. These fine probes could 
then be inserted into anaesthetised polychaetes with minimal trauma. By 
securely tethering these probes in the polychaetes, it would mean that the 
measurement of ‘activity pressures’ in these soft bodied worms, could be 
measured, with minimal disruption of activity or muscle function. 
  
  48 
2.7.1 PLASTIC EPIDURAL CATHETERS AND TOUHY 
NEEDLES 
Figure 31 shows a Touhy Needle designed initially in 1939 by Touhy for the 
administration of epidural anaesthesia (Touhy, 1937, Frolich and Caton, 
2001).  
The needle itself is 20 SWG (standard wire gauge), which has a diameter of 
0.9144mm and is designed to allow easy passage of the epidural catheter 
(Figure 31-C. The needle has an anti-coring curved tip (Figure 32) to prevent 
penetration into and damage to underling tissues, once the superficial tissues 
have been pierced. It was designed, specifically, to avoid damage to the 
human spinal cord and its coverings. It is also slightly angled upwards to the 
line of passage, to allow the catheter to avoid direct impingement on the 
spinal coverings when passed through the needle on the inside of the spinal 
canal. 
 
Figure 31. ‘Touhy’ epidural needle, trocar and epidural 
catheter 
 (A: Needle – B: Trocar – C: Epidural catheter) 
 
Using this needle, in the polychaetes, helped to prevent the penetration of 
any underlying viscus by the catheter, once the needle has passed through  
  49 
the body wall of the worm. The needle is initially used to penetrate the 
polychaete body wall, together with the trocar (Figure 31-B), inserted into the 
needle (Figure 31-A). The trocar within the needle prevents coring damage to 
the tissues by the needle.  
Once the body wall of the polychaete was fully penetrated, the tip of the 
needle was positioned in the required cavity, and the trocar is removed. The 
catheter was then threaded down the needle (Figure 31-A). The catheter 
emerges at a slightly upward angle from the long axis of the needle (Figure 
32-A) thereby reducing the chances of its blunt end penetrating structures 
around the plane of entry. 
The Epidural Catheter is a meter long, 20 SWG, plastic tube with a radio-
opaque blue marker at its tip and blue distance markers at regular intervals 
from the tip. The first of these is at 5 cm and then at one-centimetre intervals 
with double markers at 10 cm and triple and quadruple markers at 15 cm and 
20 cm respectively. The distal 2 cm of the catheter contains several side 
holes to reduce the incidence of blockage. 
The catheter is connected to a female luer lock fitting by a special adaptor, 
which clamps onto it. This is illustrated in figure 33 below. 
 It shows a red transducer with a syringe fitting (Figure 33-A) connected into 
a blue ‘luer lock’ fitting on the epidural connector (B). This in turn is 
connected to the epidural catheter (C), which is pushed into the connector 
and clamped by the distal screw clamp (D) 
  
  50 
 
Figure 32. ‘Touhy’ needle with catheter emerging. 
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Figure 33. Epidural catheter connector 
 
 
Figure 34.Catheter inserted through dorsal body wall of 
Nephtys 
  
  52 
 
Figure 35. Catheter into Nephtys pharynx via extruded buccal 
cavity 
 
Figures 34 & 35 show two different approaches to the catheterisation of the 
polychaete Nephtys. These approaches were applicable to all appropriate 
sized soft-bodied worms. 
Figure 34 shows a catheter (C) being inserted into the anterior coelom 
through the dorsal body wall of Nephtys at about segment 25 and being 
moved forwards towards the pharynx to measure anterior intra-coelomic 
pressure. 
Figure 35 shows an anterior trans-oral approach. In this approach the 
pressure may be measured at any point in the polychaete gut by gently 
advancing the catheter down the gut. Injecting a little seawater through the 
catheter as it is advanced often assists this action. The position of the tip of 
the catheter can easily be calculated from the blue ‘length markers’ on the 
catheter or often by just shining a strong light through the body of the worm, 
when the shadow of the catheter can be visualised.  
When measuring pressures in localised areas, the anterior section of the 
catheter containing the side holes should be removed to leave a single end 
or an end and one side hole opening. This applies especially when 
measuring pharyngeal pressures or pressure in a specific part of the gut or 
coelomic cavity. This cut should be distal to the last side hole or better at the 
first blue mark so it is easy to see advancement distance. For longer, 
sectional pressure measurement, the appropriate number of side holes is left  
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to conform to the length of chamber or cavity, in which the pressure is being 
measured.  
Once the catheter is in place, it can be held either by a suture through the 
body wall and around the catheter (Figure 36) in the case of a trans-body 
wall approach or held by a peri-oral ligature in the case of a trans-oral 
approach. If pressure monitoring is required in a mobile worm, the catheter 
tied into the body wall is, by far, the better fixation method. 
 
 
Figure 36. Catheter tied into the dorsal body wall of Hediste 
 
2.7.2 INFUSION-INJECTION CANNULA. 
Figure 37 illustrates an infusion-injection cannula. It consists of a very flexible 
25 gauge (0.5mm X 25mm) catheter (Figure 37-F), attached to a rigid clear 
plastic body (Figure 37-E). This body is comprised of two chambers (Figure 
37-G & H).  
In chamber G there is a clear silicone-sealing plug, which allows the passage 
of single injections with a hypodermic needle. Attached to the other chamber 
(H) is a flexible clear plastic tube, which allows free passage of air and fluids 
from the closable luer fitting connector (A) to the catheter end (F) in both 
directions. The body (E) may be stabilised on the dissection tray by a single 
pin (D) as shown in Figures 37 & 38 or tied onto the polychaete body.  
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When measuring pressures, the catheter is filled with filtered seawater and 
connected to a transducer via the luer connector (Figure 37-A). It is also 
appropriate for oral or anal cannulation and injection of small polychaetes in 
which case it should be tied into the end of insertion. 
 
Figure 37. Infusion–injection cannula 
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Figure 38. Cannula inserted into anterior segments of a 
Nephtys polychaete 
 
2.7.3 PRESSURE TRANSDUCER AND MONITOR 
 
The pressure measuring apparatus is as shown in figure 39. It consists of a 
pressure transducer (B), connected via cable (A) to a digital readout monitor 
(G) and a seawater column (E), together with a ruler to desk height (D) and 
two way tap (F).  
This is all supported by a retort stand and all connected to a flexible plastic 
tube leading to the cannula, inserted into the polychaete under investigation. 
In Figure 39 the pressure transducer is connected to a 20 SWG catheter.  
In order to calibrate the transducer, it was connected to the seawater column 
and the digital readout equilibrated to a 150 cm high column of seawater. 
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Figure 39.Pressure transducer, monitor and calibration 
apparatus 
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Figure 40. Pressure transducer, three-way tap and catheter 
 
When measuring intra-polychaete pressures, the pressure transducer was 
connected to the polychaete catheter via the connector (Figure 40-D), a 3-
way tap (Figure 40-C), and all connected to a 10ml syringe. All tubes were 
filled with filtered seawater with that in the syringe used for priming the 
catheter and flushing through.The direction of the handle of the 3-way 
indicates the closed portal; in Figure 40 the syring is isolated and the 
transducer is open to catheter and connector D. 
2.8 PHOTOGRAPHY 
A digital photographic record was kept of all apparatus, techniques and 
polychaete experiments and activities. The latter took the form of still shots to 
record histological examinations, micro-dissection or injection procedures. 
Video recording was used to study polychaete movements, burrowing or  
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during active dissection on anaesthetised worms to look at intestinal and 
especially sphincter activity. 
2.8.1 STILL PHOTOGRAPHY 
The digital cameras used were: 
1.  A Nikon Coolpix 4500 with attachments was used for all histological 
photographs when using the Olympus BH2 microscope (Figure 18) 
and for all micro-dissections when using the Leica dissecting 
microscope shown in Figure 41. 
2.  Nikon D200 was used for all other photographs of apparatus and 
polychaetes. 
 
Figure 41. Leica dissecting microscope. (A: ‘Nikon Coolpix 
4500’ camera – B: adaptor tube – C: extension tube)  
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§2.8.2 VIDEO RECORDING 
The video cameras used were a Sony HC35E and a Sony HD-CX6EK. 
 When used with the Leica dissecting microscope (Figure 41), the Coolpix 
camera was substituted, on the screw thread, for one of the video cameras. 
To collect video a polychaete burrowing, the apparatus was set up as shown 
in Figure 42. The round glass container was three quarters filled with washed 
sand and filtered seawater added to a depth of about 1cm. above the sand 
(Figure 43). The glass container and stand were placed in good natural light. 
When the polychaete was introduced onto the sand, most of the time, 
especially with Nephtys, it will migrate to the perimeter of the container and 
start to burrow against the glass. The bowl is then turned to focus the camera 
on the polychaete (Figure 43). 
 
 
Figure 42. Video arrangement to record polychaete 
burrowing 
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Figure 43. Glass bowl with sand, water and polychaete 
burrowing 
2.9 NERVE AND MUSCLE STIMULATION 
Nerve and muscle stimulation was used in an attempt to discover the 
sequence of muscle contractions and the movement of internal organs during 
proboscis extrusion, particularly in the fast burrowing N. hombergii. A Grass 
SD9 stimulator was used (Figure 44). 
This is a rugged unit with a built in isolation circuit which enhances safety, 
especially with a lot of seawater present, and minimizes stimulus artefacts. 
The circuit is relay controlled and provides a contact closure of up to 30 Hz. 
At higher rates the relays remain closed. The output voltage is adjustable 
from 0.1 to 100 volts with a maximum power output of 2.5 watts. 
A full description of the stimulator will be found in chapter 6, where it is 
described in use with Nephtys. 
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Figure 44. ‘Grass SD9’ nerve and muscle stimulator 
 
2.10 MICRO-SURGICAL TECHNIQUES AND 
APPROACHES IN POLYCHAETE SURGERY.  
The development of the associated instruments, especially retractors needed 
(Sections 2.2.2.2/3), together with anaesthetic and intubation techniques 
(Sections 2.5.2/3) have been described earlier. 
Whenever dissections or surgery were performed on Arenicola or Hediste, 
the accepted and straightforward dorsal, lateral or ventral approaches, 
straight into the coelomic cavity, were used. Whilst these approaches were 
good for dissection and for displaying the internal anatomy of these 
polychaetes, in Nephtys, it became obvious that they were not appropriate, if 
permanent wound closure was desired for postoperative recovery and 
normal function. This was because of the unique structure of Nephtys body 
wall muscles, which contain large volumes of calcium phosphate granules in 
their fibres. We found that this fact makes them very brittle and postoperative  
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muscle movements wound tear out any sutures closing wounds with direct 
incision approaches, leaving gaping wounds. 
Direct dorsal incisions when repaired also interfere with the longitudinal 
muscle contraction. Figure 45 below shows the repaired wounds of two 
different surgical approaches in Nephtys.  
Figure 45-A shows a direct dorsal incision through the powerful dorsal 
longitudinal muscle, whilst Figure 45B is a lateral approach incision, the track 
of which is shown in Figure 46-A. 
 The dorsal wound (Figure 45-A) has been sutured with 6-0 prolene. This is a 
coated, strong and artificially manufactured suture, 0.07mm in diameter. On 
several occasions, after the anaesthetic had worn off, the vigorous body 
movements of the polychaete tore out these dorsal incision sutures. After 
several trials, the surgical approach shown in Figure 46-A, was found to be 
the best, both for wound healing and for no apparent loss of function This 
incision allowed a rapid recovery of normal movement, together with, a 
strong wound that showed no signs of dehiscence in any of the Nephtys 
polychaetes that underwent surgery. This lateral approach, shown in Figure 
46-A, goes initially between the parapodial muscles and the lateral aspect of 
the dorsal longitudinal muscle. It then enters the coelomic cavity under the 
inferior aspect of this muscle. Closure of this incision merely involved 
superficial sutures closing the outer aspects of the parapodial muscles and 
the dorsal longitudinal muscle. There was no tension on these tissues and no 
deep sutures were needed. The closed wound is shown in figure 45-B.  
 
Figure 45. Sutured surgical wounds in Nephtys polychaete  
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Figure 46. The surgical approaches into the coelomic cavity 
of Nephtys 
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CHAPTER 3 
Micro-Computed 
Tomography 
Micro-CT 
 
The development and introduction of new 
techniques for analysing polychaete anatomy 
 
 
Patients to polychaetes; clinical diagnosis to scientific research 
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3.1 INTRODUCTION 
Accurate knowledge of the internal anatomy of soft-bodied invertebrates is a 
vital component in the understanding of phylogenic relationships, as well as 
in functional analyses (Clark, 1962a, Fauchald and Rouse, 1997, Storch, 
1968, Storch, 1969, Weitbrecht, 1980).  
Traditional techniques for investigating internal morphology require either 
dissection, or the production of serial sections from embedded specimens. 
The former gives very good three-dimensional information about the 
specimen's anatomy, whilst the latter gives very high, two-dimensional 
resolution and can be combined with computer-aided reconstruction to 
supply three-dimensional information about the sample’s fine anatomy. 
However, both techniques are very time consuming and highly destructive, 
so that comparisons between new or rare species must be restricted to 
descriptions of external morphology, unless the internal anatomy of the 
reference species has been described previously.  
Micro-CT now provides a non-destructive solution to this problem. The 
detailed anatomy of animals down to microscopic level can now be imaged 
using X-rays of the micro-CT scanner, often with no tissue preparation, and 
even with them under anaesthetic. 
Micro-CT is widely used in biomedical and engineering sciences to image 
electron dense materials, such as bony skeletons or the hard exoskeletons of 
invertebrates. These can be imaged easily and rapidly with micro-CT, without 
the need for special preparation. Conventional absorption contrast imaging of 
biological material has, for example, been demonstrated on teeth by Jung et 
al. (2005), in the three-dimensional demonstration of renal microvasculature 
in rodents by Bentley et al., (2002), and in investigations of intrauterine bone 
and osteoporosis by Lanham et al., (2008). In the field of marine biology, 
Stock et al (2003) used micro-CT for quantifying stereom structures applied 
to ossicles of the sea urchin, Lytechinus variegatus. 
Whist sub-micron, high definition, insect anatomy using synchrotron based 
tomography facilities has been elegantly demonstrated by Betz et al (2007), 
the cost, access time and proposal competition, for these facilities means  
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that they are simply not available to the majority of the scientific community 
for routine tasks such as rapid anatomical investigations.  
Soft bodied invertebrates are potentially the most difficult biological 
specimens of all to scan, as their internal tissue densities are so minimally 
different. The tissues themselves are very closely approximated, with thin 
layers of fluid between them, making differentiation even more difficult. This 
is especially true of the aquatic invertebrates, such as polychaetes, in which 
there are often no air spaces between their approximated soft tissues.   
Soft tissue boundaries can be enhanced using contrast media such as 
iodinated agents for intraperitoneal organs (Ritman, 2002), barium sulphate 
for lungs (Ritman 2004) ,bromine and xenon for brain tissue, (Gonzalez et al., 
1986), tumours and fatty tissues (Hildebrandt et al., 2002). 
Specific soft tissue enhancement using special high molecular weight stains 
to augment layer contrast in soft tissues has been shown to be effective. 
Osmium tetroxide staining was used by Johnson et al. (2006) for micro-CT of 
mouse embryos. This technique was further modified by Nickel (2006) to 
investigate the structure of a marine sponge, and again by Golding & Jones 
(2007) in the scanning and 3D reconstruction of molluscan anatomy.  
3.2 DEVELOPMENT OF MICRO-CT 
The natural progression of development fro classical X-rays, first named by 
Röntgen (1895) and discussed by Swindon (1896), through the research of 
the early 1920’s into X-ray tomography and on to modern computed 
transmission and emission tomography, has been well documented by Steve 
Webb in his book  ‘From the watching of shadows’ (Webb, 1990). 
The first viable computed tomography (CT) scanner was invented by Sir 
Godfrey Hounsfield, at the EMI Central Research Laboratories, UK (Lodge, 
1987). His ideas were conceived in 1967 (Richmond, 2004), and the first 
clinical CT scan, was a brain scan, performed on 1
st October 1971, at The 
Atkinson Morley Hospital, London. Sir Godfrey Hounsfield gave his Nobel 
Lecture on 8
th December 1979 on; Computed Medical Imaging. Since then 
CT scanning has become an essential diagnostic tool in modern clinical 
practice.  
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Despite all of these advances, modern medical CT scanners do not have 
sufficient resolution to determine detailed aspects of anatomy in small 
animals and invertebrates. 
The X-ray investigation of material structure and its associated dynamics, 
using synchrotron based x-ray micro beam techniques, has been in progress 
since the early seventies (Horowitz and Howell, 1972).These techniques 
were further developed when high resolution X-ray micro tomography (micro-
CT) was developed by J. C Elliott in the early 1980s (Elliott and Dover, 1982) 
Thus clinical CT scanning was extended into the research field where higher 
resolution and longer X-ray exposure times could be used. Feldcamp et al. 
(1989) were the first to build a micro-CT scanner for the evaluation of the 
three-dimensional micro-structure of trabecular bone. The first commercially 
available bone micro-CT scanner became available in 1994, after which, the 
technique became standard practice in bone research (Müller R and 
Rüegsegger P, 1994, Rüegsegger P et al., 1996). 
In-vivo and in-vitro micro-CT scanners are now available from several 
manufactures and during the past decade, smaller high-resolution ‘bench 
type’ instruments have extended micro-CT capabilities to many new 
laboratories. The main problems in their use, has come when trying to image 
soft tissues and especially low density, moist and closely applied tissues, 
such as those of aquatic invertebrates. To date this has only been possible in 
an experimental model using either Synchrotron X-rays (Rao et al., 2005, 
Rao et al., 2006), or toxic, high molecular weight, stains such as osmium 
tetroxide to improve contrast and subsequent imaging (Johnson et al., 2006, 
Golding and Jones, 2007, Metscher, 2009).  
The challenge was therefore to develop a technique for imaging the detailed 
anatomy of marine worms, without the use of enhancing stains or to find non-
toxic compounds that would provide tissue enhancement both with in-vivo 
and in-vitro Micro-CT scanning. 
3.2.1 HOW DOES MICRO-CT WORK? 
In a medical micro-CT scanner, the X-ray source and detector panel are 
positioned on opposite sides of a large ring, which rotates about the patient  
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who is passed through the scanner by means of a sliding table. The data is 
thus collected in the form of a spiral. In cabinet-based and benchtop  
micro-CT scanners, the X-ray source remains stationary, producing a conical 
X-ray beam, whilst the sample is placed on a rotary turntable so that it 
rotates within the X-ray beam. At the far end of the sample chamber is a 
detector panel, which collects the projected X-ray images.  
X-rays in micro-CT scanners can be produced either by means of an X-ray 
tube, or using an electron gun to generate a beam of electrons which, when 
they hit a metallic target, produce X-rays of particular energies. Changing the 
electron gun conditions and using different metallic targets and filtering 
screens can tune the X-ray energies produced tuned to match the desired 
characteristics required to give the best results for individual specimens or 
experiments. Figure 47 is a schematic diagram of a micro-CT system, 
illustrating the fixed electron column and X-ray target assembly, the conical 
beam passing through the rotating stage containing the specimen being 
scanned, and the resulting magnified image being projected onto the 
detector panel. Figure 48-A is this layout seen in the X-Tek micro-CT 
scanner. The images are then subjected to computer reconstruction into a 
two-dimensional or a three-dimensional format. 
 
Figure 47. Schematic diagram of a micro-CT system 
illustrating the X-ray source producing a conical beam onto 
the detector screen passing through the specimen that is on 
a rotating stage  
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.   
 
Figure 48. Views of a mounted specimen and the inside of an 
‘X-Tek’ micro-CT system.  
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Figure 49. ‘X-Tek XT H 225L’ Micro-CT scanner 
 
 
Figure 50. Imaging and control screens of the scanner 
 
3.3 AIMS AND OBJECTIVES OF THIS PART OF 
THE STUDY 
This research work sets out to demonstrate, for the first time, that not only 
can invertebrate soft tissues be imaged with a conventional high resolution 
micro-CT scanner, down to a resolution of 5-10 microns but that it can also 
be done without the need for chemical enhancement of these tissues.  This 
work and a subsequent paper (Dinley et al., 2010) represents a further 
advance in soft tissue visualisation, following the observations by Cnudde et  
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al.,(2008), who felt that the difficulties of good visualisation of soft tissues 
could only be overcome by using a enhancing medium.  
All the work presented here was obtained without the use of contrast agents 
using either an X-Tek CT 160Xi µCT benchtop machine (Figure 52) or the X-
Tec XT H 225L (Figure 54) micro-CT scanners (X-Tek Systems Ltd, Tring, 
Hertfordshire, UK) equipped with a Hamamatsu C7943 X-ray flat panel 
sensor  (Hamamatsu Photonics, Welwyn Garden City, Hertfordshire, UK). 
All scans were performed at a beam accelerating voltage and current of 60kV 
and 70µA respectively, using a molybdenum target and x4 digital gain. Initial 
scanning times were in the order of three to four hours based on ~1700 
radiographic projections and an individual exposure time of ~2 seconds.  
Filtered back projection using a standard FDK approach, as described by 
(Feldkamp et al., 1984) yielded reconstructed volume images that were 
analysed using VG-Studio Max V.2.0 software developed by Volume 
Graphics GmbH, Heidelberg, Germany. 
 
Access to the inside of the scanners is via a heavy lead sliding door and the 
imaging and control screens are seen on the left of the machine. The 3 
control ‘joysticks’ can be seen below the control screen in Figure 49. An 
enlargement of the imaging and control screens are seen in Figure 50, and 
an x-ray planning picture of H.diversicolor is seen on the left screen. Figure 
48-A shows the inside of the machine with the x-ray gun and molybdenum X-
ray source, the rotating platform on which the specimen sits, and the detector 
screen which receives the X-ray images. The computer then processes these 
images. 
 Figure 48-B shows a polychaete specimen mounted in a close fitting glass 
tube and suspended on a fine thread to prevent distal migration as the stage 
rotates. The glass tube is mounted in a metal adaptor before being secured 
into the rotating stage by a further adaptor (Figures 48-B & 48-C). 
The polychaete described in this study is Nephtys hombergii (Savigny, 1818).  
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3.4 MATERIALS AND METHODS 
Prior to attempting micro-CT on the samples attempts were made to carry 
out CT scanning using a conventional medical CT scanner. This was the first 
time that polychaetes have been scanned in a clinical CT scanner and the 
results are shown in Figures 52 & 53. These scans were performed in 2004 
on a Toshiba Aquilion Scanner shown in Figure 51 below. 
 
Figure 51. Toshiba ‘Aquiline’ CT scanner 
 
The initial images obtained are shown in Figures 52, 53 & 54. Figure 52 
shows the line of six H.diversicolor specimens varying in size from 10-15 cm, 
which had been fixed in Bouin’s solution, mounted on several sheets of firm 
absorbent paper and placed on the end of the scanner table. 
In this first scan the jaws are difficult to visualise but the numerous black 
areas, within the bodies of the worms, represent radio-opaque ingested 
material within the intestines. 
Figure 53 shows a ‘3D’ reconstruction of the polychaetes in Figure 52. 
This image shows the bodies of the worms together with the parapodia but 
little else of anatomical importance or detail. With the rather more penetrating 
‘3D’ reconstruction shown in Figure 54, the higher density jaws and hence 
jaw positions can be seen. The worm second from the right in Figure 54 had  
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been injected with an enhancing agent, Gadolinium and thus appears as a 
much brighter image. Gadolinium, which is a rare earth metal, is used in 
clinical CT and MRI imaging to enhance specialised tissues (Bloem and 
Wondergem, 1989). 
It was now apparent that even a modern clinical CT scanner was not able to 
reach the resolution required to demonstrate the micro-anatomy of a 
moderate sized polychaete. 
 
 
 
Figure 52. CT Scan of several H.diversicolor 
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Figure 53. 3D Reconstruction of CT scan of 
 H.diversicolor 
 
Figure 54. 3D Reconstruction H.diversicolor 
 (More penetrating image) 
 
Freshly collected specimens of the marine polychaete species, Nephtys 
hombergii, were collected from the sands of Poole Bay in Dorset.  On return  
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to the laboratory they were anaesthetised in a solution of MS 222 in seawater, 
fixed in Bouin’s solution and scanned within 2-24 hours of preparation. Older 
specimens, previously prepared and preserved in 70% alcohol, were also 
used. 
Specimens were scanned in vertical glass or plastic tubes (5-15 mm 
diameter) and held in place inside the tubes by either the close confines of 
the tube or, for some of the larger specimens, by being rolled up in absorbent 
paper soaked in 70% alcohol and fitted into the appropriate size tube. For 
accurate imaging it was important that the specimens rotated about the axial 
centre line and did not move within the tube for the duration of the scan. The 
scanning time could be in the order of minutes to several hours, subject to 
obtaining, by experimentation, the best possible image quality. The difficulty 
of introducing a soft-bodied worm with delicate appendages into a narrow 
tube was overcome by the application of gentle suction to the distal end of 
the tube after the first few millimetres of the specimen had been inserted into 
the proximal end. A length of cotton tied around the tail and fixed in the end 
of the tube by a silicone plug provided additional stability, to prevent any 
downward movement of the specimen.  
Specimens may be preserved and kept in the tubes with any appropriate 
preservative solution; in this study, 70% ethanol was used. The preservative 
solutions were removed from the tubes for the duration of the scans, as 
scanning was best performed with the specimen surrounded by air. This 
technique enhanced the contrast at the outer tissue interface. Fluid removal 
and refilling of the sealed tubes was performed using a hypodermic syringe 
and fine needle inserted through the silicone rubber plug at either end of the 
tube. The needle holes were resealed with fresh silicon rubber if necessary. 
 Each specimen tube was held in a customised metal holder (Figure 48-B) 
and then mounted vertically on the rotating platform of the scanner (Figure 
48-C). With careful adjustment of voltage and current, various potential 
artefacts such as ‘cupping’, ‘ring artefacts’ and ‘edge streaks’ were kept to a 
minimum.  
More recent scans, involving the use of radiological enhancement media, 
used the ‘X-Tek XT H 225L’ scanner. This is a larger and more powerful 
instrument in which several specimens at a time may be scanned. Figure 55  
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shows the scanning chamber with the x-ray gun on the left of the picture and 
three tubes containing polychaetes mounted on the rotating stage in a Oasis 
foam holder. Oasis foam is a quick, simple and cheap support for any size of 
specimen tube and is transparent to X-rays. These specimen tubes are 
simply pressed into the foam block, which must then be carefully centralised 
on the turntable. 
 
 
 
Figure 55.Inside view of bench-top scanner showing multiple 
specimens on the rotating stage 
3.4 RESULTS 
3.4.1 ANATOMY OF THE PHARYNX OF NEPHTYS 
HOMBERGII 
The pharynx of the Nephtyidae is an axial muscular proboscis, which has a 
terminal papillose ring and additional longitudinal rows of papillae on the 
everted proboscis surface. A single pair of jaws is present, deep inside of the 
pharynx, at the junction of its anterior and middle thirds, on a ridge of muscle 
separating the anterior and posterior chambers. The jaws are only normally  
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visible at dissection or on x-ray. The jaws together with the anterior position 
of the pharynx is as shown in the cartoon diagram of N. hombergii (Figure 
56-A, enlarged in Figure 56-B).  
Micro-CT can provide non-destructive virtual cross-sectional views, which 
provide comparable information content to destructive physical cross-
sections cut through the specimens, as shown in Figure 57. Sections a to h 
are the virtual micro-CT transverse sections at the illustrated positions shown 
in the micro-CT generated virtual sagittal section of the pharynx above them. 
This type of micro-CT sectioning was described by Johnson et al. (2006) as 
‘virtual histology’. 
 
 
 
Below the micro-CT sections are the equivalent physical sections of the 
pharynx. 
 Both the virtual and physical cross-sections show morphological details but it 
is easier to interpret the detail of the muscle groups in the micro-CT sections. 
Figure 56. N.hombergii illustrating the anterior 
intestinal anatomy 
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The two lateral muscle groups of the anterior pharyngeal chamber are 
discernable in both types of ‘dissection’ but the four muscle groups of 
posterior or ‘compression’ chamber are better-illustrated using micro-CT. The 
physical cross-section also shows how the four muscle groups of this 
chamber come together and when fully contracted form a cruciate pattern to 
crush any ingested material in the posterior chamber. The almost completely 
closed chamber is shown in section five of the physical cross-sections. 
 80 
Figure 57. Virtual transverse sections produced by micro-CT (a-h) and physical sections using 
a razor blade (1-7) of the pharynx of N. hombergii 81  79
KEY TO FIGURE 57: 
Micro-CT sections; a –h.  Physical sections; 1-7. 
1. a -Terminal papillae and muscular lips at entrance to pharynx.
2. b -Section immediately behind the lips of the anterior pharynx.
3. c -Middle one third of pharynx looking forwards and showing the jaws
anteriorly.
4. d -Mid-chamber showing the pigmented pressure lines.
5. Mid-pharynx in almost full compression showing the cruciate pattern of
the “contracted” muscles forming the compressed posterior chamber.
6. e, f,& g - Distal pharynx looking into the distal pharyngeal sphincter at
the apex of the pressure lines.
7. h -Reverse of the view in “6” looking into the distal pharyngeal
sphincter from the intestine.
Micro-CT virtual sections a-h are anatomically equivalent to the ‘dissection’ 
cuts 1-7 the exact positions of which are accurately shown as blue lines a-h 
on the full micro-CT generated sagittal section of the pharynx above the 
‘groups of sections’ in Figure 57.  
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Figure 58.Micro-dissection - transverse section of posterior 
one third of pharynx of N. hombergii 
 
Abbreviations used in Figure 58: 
ES - Posterior end sphincter. TCL – Tissue compression line; ILT – Internal 
lining tissue; PWS – Pharyngeal wall muscle segment; OPM – Outer 
pharyngeal muscle; IPM – Inner pharyngeal muscle. (PWS=IPM + OPM).  
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Figure 59 . Micro-CT transverse section of body wall of N. 
hombergii showing same section of pharynx as in Figure 58 
 
Abbreviations used in Figure 59: 
VLM –Ventral longitudinal muscle; VCM – Ventral coelomic muscle; DVM – 
dorso-ventral muscle; IPM – Inner pharyngeal muscle; OPM – Outer 
pharyngeal muscle; DLM – dorso-longitudinal muscle; INPM – Intrinsic 
parapodial muscles. 
Figure 58 is a micro-dissection, in transverse section, of the posterior third of 
the pharynx, looking distally and opened to reveal what appear to be four 
homogenous muscle groups (PWS) around the central chamber. Figure 59 is 
a ‘virtual’ transverse section, showing the differentiation of these muscle 
groups in the walls of the Nephtys pharynx using micro-CT. The apparent 
homogenous, thick muscle segments in the four quadrants of the pharynx 
seen in Figure 58 (PWS) are actually seen, with the micro-CT image, to 
consist of multiple layers of fibres with the most densely packed layers 
closest to the central chamber in Figure 59 (OPM + IPM).   
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 Figure 60. Sagittal views of Nephtys pharynx comparing 
physical (A) with micro-CT (B) and scanning electron 
microscopy (C) 
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Abbreviations used in Figure 60: 
 
Section A.  Physical section; showing anterior (AC) and posterior 
pharyngeal chambers. 
Section B.  Micro-CT; Ant.S- Anterior sphincter muscles; IPM-Internal 
pharyngeal muscle layer; MPM- Middle pharyngeal muscle layer; OPM- 
Outer pharyngeal muscle layer. 
Section C.  SEM of dorsal wall of pharynx; sectional area illustrated by box 
C in section B; OPM- Outer pharyngeal muscle layer; MPM- Middle 
pharyngeal muscle layer; IPM- Inner pharyngeal muscle layer. 
 
Using Scanning Electron Microscopy (SEM) to validate the micro-CT images; 
it shows the reliability of the technique. Figure 60 compares the differences in 
muscle definition between, Physical (A), Micro-CT (B), and Scanning 
Electron Microscopy (C).  
Physical (A) gives a good overview of the general muscular anatomy of the 
pharynx of N. hombergii. 
 Micro-CT (B) shows the relative densities of the groups of muscle fibres and 
some of the muscle patterns. The vertical fibres of the middle pharyngeal 
muscle layer (MML) are easily seen as vertical white lines. The more densely 
packed fibres of the inner pharyngeal muscle layer (IML) comprising; 
transverse, vertical and oblique fibres are seen as a much denser white layer.  
SEM image (Figure 60-C) shows a magnified block of muscle from the 
pharyngeal wall, represented in section B, by the ‘box C’ area of the superior 
pharyngeal wall. This reveals the mixed fibres of the IPM and the bundles of 
vertical muscle fibres interdigitating with the less numerous transverse fibres. 
The vertical ‘banding’ appearance seen in the micro-CT image (B) is due to 
the dominance of vertical fibres in the middle pharyngeal muscles (MPM).  
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3.4.2 THREE-DIMENSIONAL ANATOMY OF NEPHTYS 
HOMBERGII THROUGH SEGMENTATION OF THE 
MICRO-CT DATASETS 
Segmentation in 3D datasets refers to the ability to take the data and tease it 
apart. 
Because micro tomography scanners offer potentially isotropic resolution, the 
display of images does not need to be restricted to the conventional axial 
images. Instead, it is possible for a software program to build a volume by 
'stacking' the individual slices one on top of the other. The program may then 
display the volume in an alternative manner. ‘Volume rendering’ is a 
technique used to display a 2D projection of a 3D discretely sampled data set, 
usually acquired in a regular pattern such as one slice every millimetre and 
most often have a regular number of pixels in a regular pattern. Where 
different structures have a similar threshold density, such as the intestines 
and their surrounding structures of some polychaetes, it can be impossible to 
separate them simply by adjusting volume-rendering parameters. The 
solution is termed ‘segmentation’ which is a manual or automatic procedure 
that can remove unwanted structures from the image. This means, for 
example, that a single anatomical area of interest may be removed from it 
surrounding structures, and can then be rendered as a single, three-
dimensional, virtual image. 
The data sets can thus be further manipulated in one of three ways; 
threshold manipulation, slicing in any orientation and segmentation. 
 This resulting image, or images, can then be rotated, to view different 
orientations, or sectioned, in any plane, to view the internal structures. This 
process is sometimes also be termed ‘digital dissection’ and is particularly 
useful to examine specific aspects of any of the scans, where the removal of 
an object or objects from the surrounding structures leads to an improved 
understanding of a special region of interest.  
The complete series of x-ray images taken, during the scanning process, are 
converted to axial slices by the reconstruction software. From this data, a 
virtual model of the animal can be assembled.  Volume Graphics Studio Max 
software was used to define anatomical ‘regions of interest’ (ROIs) each of  
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which could be labelled and assigned a false colour to aid in the visualisation 
of the data. Segmenting out these regions (either by removing them from the 
whole scanned volume, or by rendering the volume transparent) allows them 
to be viewed in their correct 3D relationships, but separated out from the 
surrounding tissue. Once defined, the software allows the modelled 3D 
regions to be rotated and viewed from any angle. The software can also 
create clipping planes in any orientation allowing the specimen to be 
sectioned through any plane. 
Thus a full spatial assessment and orientation of specific regions of interest 
can be made from a single specimen. This task would be impossible to 
achieve through traditional serial sectioning techniques that can only section 
along a single slice plane. 
 
Figure 61. 3D image of section of body wall N. hombergii 
 
(DLM- Dorso-longitudinal muscle; OPM- Outer pharyngeal muscle; IPM- 
Inner pharyngeal muscle; T- Jaw; VLM- Ventral longitudinal muscle). 
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Figure 64 is an example of ‘thresholding’, together with a clipping plane to 
obtain a cross-section at a desire point and orientation and illustrates the 
value of three-dimensional datasets for reviewing anatomical features. In this 
body segment, of N. hombergii, the anterior clipping plane lies just anterior to 
the junction of the anterior and middle thirds of the pharynx and illustrates the 
position of the two jaws (T). The long paired ventral longitudinal muscles 
(VLM) of the inferior wall are clearly seen to be separate from the main body 
cavity. 
 
Figure 62. Micro-dissection transverse section of pharynx of 
N. hombergii 
(OPM – Outer pharyngeal muscle; IPM – Inner pharyngeal muscle; T- Jaws). 
 
Figure 62 shows a dissected specimen of the pharynx sectioned across the 
same segment as Figure 61. It illustrates the position of the jaws inserted into 
the surrounding muscle blocks but with much less obvious layer 
differentiation of the pharyngeal wall that is visible in the micro-CT images 
(OPM+IPM). 
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Figure 63.Sagittal section through pharynx and adjacent 
body of N. hombergii 
  
 (PSM- Posterior sphincter muscles; PPC- Posterior pharyngeal chamber; 
APC- Anterior pharyngeal chamber; ASM- Anterior sphincter muscle; OPM- 
Outer pharyngeal muscle; IPM- Inner pharyngeal muscle; T- Jaw). 
 
Figure 63 is a sagittal section through anterior body of N. hombergii showing 
a detailed section of the pharynx and its position within the body cavity. In 
conjunction with traditional sections, this dataset can be used to enhance the 
understanding of the anatomical relationships between its different structures 
and to assist in determination of the functional anatomy. 
The anterior-posterior axis, in Figures 63 & 64, runs from left to right. It 
shows the complete pharynx in sagittal section, lying within the anterior 
coelomic cavity and bordered on the outside by the body wall muscles and 
parapodia. The two jaws mark the junction between the anterior pharyngeal 
chamber, for ingested particles (APC) and the main food processing or 
compression chamber posteriorly (PPC). At the distal end of this latter  
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chamber lies the powerful posterior sphincter muscle (PSM), through which, 
crushed and partially digested pharyngeal contents, pass into the intestine. 
 Figure 64 shows a coloured reconstruction of the muscles in the area 
outlined by the white box in Figure 63, to emphasise the muscles of the distal 
pharynx. The posterior one third of the pharyngeal wall has been partly 
colour reconstructed, to aid spatial orientation. It shows the pharyngeal 
muscles in blue and the ‘strap muscles’, which surround the pharyngeal 
sphincter, in yellow. The jaws are more clearly shown in red (T) in Figure 64. 
 The strap muscles are also seen in the magnified view of the posterior 
pharynx in Figure 65-A (SM) and seen enhanced by colour yellow in Figure 
65-B.  The distal pharynx is again coloured blue. 
.  
 
Figure 64. Sagittal section through pharynx and adjacent 
body of N. hombergii with partial reconstruction of posterior 
chamber muscles 
 
(PSM- Posterior sphincter muscles; PPC- Posterior pharyngeal chamber; 
APC- Anterior pharyngeal chamber; ASM- Anterior sphincter muscle; OPM- 
Outer pharyngeal muscle; IPM- Inner pharyngeal muscle; T- Jaw; SSM- 
Sphincteric strap muscle). 
 
Figure 64 shows how the rendering and colour reconstruction of the micro-
CT ‘virtual’ muscles of the posterior pharynx can specifically enhance and 
emphasise specific muscles. The pharyngeal muscles are blue and the  
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origins of the sphincter’s strap muscles (SSM) emerging from the pharynx 
are yellow. 
 
Figure 65.Colour reconstruction of posterior pharyngeal 
muscles following digital dissection (SM- sphincter strap 
muscles.) 
 
A micro-CT, 3D reconstruction, of part of the body N. hombergii is illustrated 
in Figures 66 & 67. Figure 66 shows the anterior body segments, with the 
parapodia and the cuticle covering the body wall muscles. The posterior 
pharyngeal sphincter and its surrounding stap muscles are visible in the 
sectioned distal end. The sectioned ends of the dorso-ventral and ventral 
longitudinal muscles lie below these, whilst the ventral longitudinal muscles 
(VLM) are seen inferiorly covered by cuticle and epidermis. Figure 67 has  
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undergone ‘digital dissection’ and has had the cuticle, epidermis and outer 
body wall muscles removed. This area now shows, in detail, the position, 
orientation and muscle insertions of the underlying structures. The muscles 
of the distal pharynx can be clearly seen, coloured blue, together with the 
yellow coloured strap muscles emerging from their pharyngeal origins. The 
two dorsal strap muscles continue posteriorly to merge with the dorsal 
intestine whilst the two ventral muscles continue posteriorly, to similarly 
merge with the ventral intestinal wall. They pass beneath the ventral 
coelomic muscles, which, in turn, merge with the inferior body wall muscles 
at about segments 40-45. With the surrounding removed from the ventral 
longitudinal muscles (VLM), they can be seen coloured green, along with the 
multiple, small indentations, which are the insertion points of the parapodial 
muscles. 
 
Figure 66.  3D Reconstruction of posterior pharyngeal 
segments of N. hombergii 
 
(DLM-Dorsal longitudinal muscle; DVM- Dorso-ventral longitudinal muscle; 
VLM- Ventral longitudinal muscle.)  
  93 
 
Figure 67. Subtraction of the posterior body wall to reveal the 
underlying posterior pharyngeal and ventral longitudinal 
muscles 
 
High density and thus radio-opaque structures, such as polychaete jaws, are 
easy seen in 2 dimensions with simple x-rays. Figure 68 is an X-ray of the 
anterior segments of H.diversicolor and shows the jaws with a shadowed, 
soft tissue surround. The outer soft tissue body wall segments are poorly 
defined, and the only detailed structure visible is the pair of jaws, which 
resemble  ‘pruning hooks’ with their deeply serrated distal cutting edge. The 
hardened Hediste jaws are composed of poorly mineralised sclerotized 
proteins in the axial proboscis (Voss-foucart et al., 1973) together with high 
levels of zinc (Lichtenegger et al., 2003) and a recently discovered, new 
protein, Nvjp-1 (Broomell et al., 2008). The soft tissue pharynx surrounding 
the jaws and the actual muscles into which their bases are inserted cannot 
be seen in these X-ray pictures..  
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Figure 68. Mini X-ray of anterior segments of H.diversicolor 
 
With micro-CT imaging of the jaws, the lower density surrounding tissues can 
be progressively ‘digitally removed’ from around the jaws, to reveal the 
differing layers of anatomy right down to the jaws themselves. Thus by 
‘subtracting’ the surrounding soft and less dense tissues from the radio-
dense jaws, accurate and high definition anatomical images of the jaws 
themselves can be obtained using the software; VG StudioMax. 
These in turn can be rotated to show all aspects of the images including the 
muscle insertions and views inside the jaw canals. (Video Appendix: Chapter 
5—Video 7 for the rotating images). 
The jaws of N. hombergii and H.diversicolor are shown in Figures 69 & 70 
respectively. 
The conical hollow jaws of N.hombergii shown in Figure 69 show the muscle 
insertion areas in the bases of both jaws, together with some ingested 
material adjacent to the ‘teeth’ lying within the pharyngeal cavities. The jaws 
are at the junction of the anterior and posterior compartments of the Nephtys 
pharynx, thus the largest of ingested pieces lies just inside of the posterior 
and compression compartment of the pharynx. Figure 70 shows the ‘pruning  
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hook’ like jaws of H.diversicolor, which are now seen in much more detail 
than in the plain X-ray film of Figure 71. The extent of the serrations can be 
clearly seen and when rotated around their longitudinal axes the muscle 
insertions, into the hollow bases, can be seen.( DVD- Video Appendix 4; 
Chapter 6, Number 6))  
 
 
Figure 69.N. hombergii; jaws (teeth) digitally ‘isolated’ from 
the pharynx and pharyngeal muscles  
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Figure 70. H.diversicolor; jaws ‘isolated’ from the pharynx 
and body 
 
3.4.3 ANIMATIONS 
When multiple transverse micro-CT sections are put together and run as a 
video loop, an accurate ‘fly through’ anatomical experience can be achieved. 
This is particularly useful to examine the internal and the cross sectional 
anatomy. The technique is particularly useful when scanning anatomical 
cavities. Some aspects of functional anatomy can be determined from the 
moving ‘fly-through’ pictures achieved. Examples of this may be seen in 
Video Appendix 1; Chapter 3, Number 3 and Video Appendix 4; Chapter 6 - 
Video 10. 
3.4.4 NON-TOXIC CONTRAST ENHANCING MEDIA  
Barium sulphate is a radio-opaque contrast-enhancing medium that is non-
toxic and forms a suspension with water. It is used in clinical medicine, to 
outline parts of the intestinal tract of adults, during some radiological 
examinations. A ‘barium swallow’ is a medical imaging procedure used to 
examine the upper gastrointestinal tract, including the oesophagus and 
stomach by outlining them with a later of barium sulphate. The patient is  
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asked to swallow a suspension of barium sulphate in water, which coats the 
oesophagus with a thin layer of barium and allows x-rays to then outline the 
structure as shown in Figure 71. When such procedures are necessary in 
children, iodated agents are used especially for outlining intra-peritoneal 
organs.  
Using micro-CT, soft tissue boundaries have been enhanced in vertebrates 
using iodated agents for intraperitonal organs (Ritman, 2002) and barium 
sulphate for lungs (Ritman 2004). 
For the polychaete intestines being studied, it was felt that a dilute barium 
suspension would be a good ‘contrast’ agent to use. 
 
Figure 71. Barium swallow being performed in a patient using 
barium sulphate 
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3.4.4.1 METHODS OF USING BARIUM SULPHATE FOR 
SCANNING ENHANCEMENT.  
To try to obtain the best possible enhancement of the polychaete gut, various 
concentrations of barium sulphate powder mixed with filtered seawater were 
tested on polychaetes anaesthetised with MS 222, and placed on a sloping 
dissection tray. 
 The pharynx was catheterised using a 5 mm pharyngeal glass tube, 
connected via a silastic tube to a plastic lure fitting junction cap. The 
pharyngeal tube was tied into place with a fine thread around the anterior 
body of the worm 
The gut was first cleaned of ingested matter by gently flushing it through with 
filtered seawater at low pressure, using a 10ml. syringe.  Care was taken not 
to rupture the gut. The syringe containing the barium sulphate solution, 
supported on a retort stand, was then connected. The complete set up is 
illustrated in Figure 72. 
The barium is then slowly instilled into the worm until all the air bubbles have 
been removed and a clear barium solution is seen emerging from the anus 
(Figure 73). 
A fine tie is then applied to the anus and buccal tube and the worm is 
prepared for scanning in a glass or plastic tube.  
 This type of preparation allows a scan of a normally distended intestine and 
shows the segmentation and any sacculations or pouches present (Figure 
74). The data acquired using this technique allows the intestine to be digitally 
isolated from the body and surrounding tissues.  
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Figure 72. Barium sulphate solution being instilled into a 
polychaete 
 
 
Figure 73. Barium solution emerging from the anus of 
H.diversicolor  
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Figure 74. Barium examination of the intestine of 
H.diversicolor 
 
Figure 74 illustrates the segmentation and the ‘high points’ of attachments to 
the body wall. The two views show the gut in slightly different degrees of 
rotation. As many views as required, can be obtained, up to a maximum of 
about 120 if 3° rotational views are used. Similarly transverse sections along 
the gut can be readily obtained, of which figure 78 is typical, when the gut is 
filled as described. The denser white areas are denser barium particles that 
have coalesced. The multiple scans can now be assembled to produce video 
of the full rotation of the gut so that all sides can be inspected. The data can 
also be rotated through 90° vertically and examined in multiple ‘fly through’ 
transverse sections. (Video appendix 1: Chapter 3, Number 4). In the case of 
Figures 74 & 75 a 50% solution of barium sulphate in filtered seawater was 
used.  
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Figure 75. Transverse section of the barium filled intestine of 
H.diversicolor 
 
If a thin mucosal coating of the intestine is required to obtain a better view of 
the intestinal wall then there are two methods that both appear to give good 
results: 
1.  The first is to use a 50% solution of barium sulphate in filtered 
seawater with the above technique but not tying off the gut after 
barium instillation. The barium is then left in situ for about an hour 
before carefully flushing the gut again with warm filtered seawater. 
This will flush out the majority of the barium leaving a thin layer 
attached to the gut. This, in turn, will produce a finely defined mucosal 
picture of the intestine that again can be manipulated as before.  
2.  The second method is to irrigate the gut with a 20% solution of barium 
sulphate (Figure 76) or a 25% diluted solution of BARITOP 100 
(Figure 78), which comes in a 300 ml sealed can of aerated 100% 
barium sulphate produced by Sanochemia. Both give good results and  
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at these dilutions there is some segmental leakage illustrating 
segmental partitions as shown in figure 76 below.
 
Figure 76. Diluted barium sulphate instillation in 
H.diversicolor viewed from below, showing mucosal pattern 
of bowel, stomach and pharynx 
 
 
Figure 77. Barium sulphate powder used in solution with 
filtered seawater  
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Figure 78. ‘Baritop’ 100- barium sulphate in an aerated 
solution 
 
3.4.5 In-vivo scanning with barium sulphate 
Using freshly anaesthetised worms with the intestines infused with a 10% 
solution of barium sulphate in seawater and rapid introduction into a scanner, 
peristaltic gut movements can be seen, recorded and measured. Figure 79 
shows a still frame taken from a video that may be seen in the DVD 
Appendix. (Videos appendix 1; Chapter 3-Number 4, and Video Appendix 3; 
Chapter 5, number 9). 
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Figure 79. Still frame from video of micro-CT scan showing 
gut segmentation and peristalsis in the anaesthetised 
polychaete - H.diversicolor 
3.5 DISCUSSION 
In micro-anatomical research, the potential advantages of micro-computed 
tomography are well known and its applications are becoming ever more 
sophisticated.  It provides an excellent, repeatable, and increasingly rapid, 
detailed delineation of a structure by a process that is neither destructive nor 
invasive. Reconstruction of the images may be either in the form of traditional 
sections, or in three-dimensional format, with or without the facility for 
rotational analysis. Scanning speeds are increasing, as are the speeds of  
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software analysis, making the process even more attractive across a whole 
range of biomedical and bioengineering research. 
As the hardware has developed and the cost reduced, speed and 
accessibility of the associated image analysis software has also improved. 
With modern software ‘digital dissection’ is a reality, even with comparatively 
large datasets. This means that even deeply buried regions of anatomical 
interest can be exposed by virtually stripping away the surrounding tissue 
layers. This not only leads to a better anatomical understanding of such 
structures but also aids in assessing their spatial orientation and 
relationships. 
The ability to define and visualise the relative position of clipping planes, is a 
valuable aspect of the ability of micro-computed tomography to accurately 
assess sectional anatomy. This is the so-called ‘virtual histology’ described 
by Johnson et al. (2006). The clipping planes can either be the traditional 
transverse, sagittal or coronal sections or oblique variations of all of these. 
This is only possible because the dataset is now rendered as a complete 
volumetric representation of the scanned object, rather than a slice based 
dataset. 
In addition to the above we have found that three-dimensional reconstruction 
has been particularly informative, especially when it is combined with rotation 
either in standard or user selected oblique planes. This is most readily done 
with the easily differentiated tissues of high density but it is now shown in this 
study, to be possible with tissues of low density.  
Specific anatomical features may also be separated from their normal 
anatomical associations or attachments by segmentation and manipulation 
within the computer. For polychaete worms, these methods now offer the 
possibility of carrying out detailed and rapid anatomical studies based on CT 
data, to make broad related and out-group comparisons between taxa. 
 Figures 57, 58 & 59 demonstrate that micro-CT scanning is able to resolve, 
in sufficient detail, to show individual muscles, together with their layout and 
distribution. Figures 59 - 64 demonstrate the benefits of the enhanced 
resolution. The apparent single circular muscle of the pharyngeal wall seen in 
Figure 58, is in fact shown to have a multi-segmental architecture in the 
micro-CT image of Figure 59. Instrument resolution in these specimens can  
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be improved   to reach 8-10 microns. Thus transverse sectional anatomy 
definition can approach that achieved by light microscopy, where the 
traditional section interval in wax histology is about 7 microns. 
At present, resolution scales with smaller samples can be expected to deliver 
a much higher resolution final image than with larger samples. This is a 
limitation of cone-beam micro-CT geometries. However, the next generation 
of micro-CT scanners will use Fresnel optics, utilising the principal of large 
aperture with short focal length of lenses originally developed by the French 
physicist Augustin-Jean Fresnel for lighthouses. This will overcome the 
resolution limitation when using larger samples and will deliver much higher 
resolutions on these samples. 
3.5.1 THREE-DIMENSIONAL RECONSTRUCTION 
One major advantage of the micro-computed tomography approach is the 
ability to produce a range of three-dimensional reconstructions, allowing for a 
better understanding of the internal anatomy of the specimen. The 
polychaete worms examined in this way provided a useful way of visualising 
the spatial arrangement of the various muscle blocks and other internal 
features such as pharyngeal and gut chambers. To undertake similar 
reconstructions with light microscopy techniques would require considerably 
more time and effort as well as specimen destruction.  
Micro-CT provides accurate, anatomical imaging in two or three dimensions 
with minimal specimen preparation. It is an important tool with which to 
obtain rapid, highly accurate, magnified anatomical images. 
Recent developments in the field of micro-focus computed tomography 
include phase contrast techniques, particularly near-field Fresnel diffraction, 
and will offer the promise of dramatically improved performance. This is 
relatively new to laboratory micro-focus systems (Jakubek et al., 2007). 
The development of the methodologies used during this study using filters 
and different targets to select X-ray lines for better resolution and 
discrimination is also progressing.  
Synchrotron radiation micro-CT (SRµCT) offers the most exciting prospect 
for future developments. With the rapid development of synchrotron sources 
coupled with micro-focusing engineering and sophisticated X-ray detectors,  
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scanning micro X-ray fluorescence (micro-XRF) is now a powerful 
investigative tool for both 2D and 3D biological imaging (De Samber et al., 
2007). Highly focused beams, at third generation synchrotron sources, make 
it possible to obtain beam sizes in the sub micron range (Pfeiffer, 2002, 
Schroer et al., 2005). Biological imaging using these techniques is moving to 
a cellular level. However access to synchrotron facilities will always be 
problematic, partly because of cost and waiting time, although they offer the 
cutting edge of the technique. 
 
3.5.2 RADIOGRAPHIC ENHANCEMENT 
The demonstrated use of simple and safe chemicals such as barium, to coat 
the intestinal tracts of the polychaetes under investigation, opens up yet 
another new window of opportunity for the identification of internal 
differences between species together with greater understanding of their 
functional anatomy both in vivo and in vitro. It showed the advantages of 
enhancing the margins of the tissues lining the intestinal walls, to obtain 
better views of their mucosal patterns, which it is not yet possible to achieve 
even using low KV scanning. 
3.6 CONCLUSIONS 
Micro-computed X-ray tomography, using a widely available instrument, has 
been demonstrated to be a rapid, non-invasive, and non-destructive method 
of imaging soft bodied marine invertebrates. It can be performed on both 
widely available and also very rare specimens. It provides us with a good, 
detailed and magnified image lying between the low magnification of micro-
dissection and the high magnification of SEM, with considerably less 
preparation time. This technique can be extended to scan either fixed or 
living invertebrate soft tissues generally or used to scan rare museum 
specimens and collections. 
Large-scale comparative anatomical studies are now feasible that will lead to 
greater evolutionary insights. In terms of functional anatomy, the study of 
nephtyid worms, discussed here, has provided fresh insights into the precise  
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arrangement of muscles associated with the pharynx and anterior gut. In this 
study only relatively large and robust structures, (i.e. muscles and gut) were 
studied but with improved techniques it would be feasible to study finer and 
more diffuse anatomy, such as that of nervous or vascular systems 
  
  109 
CHAPTER 4 
 
 
                                     
Arenicola marina 
 
(Linnaeus, 1758)  
 
‘Probably no other marine worm has so frequently been observed, 
collected, and dissected and consequently the records and 
descriptions of which it is the subject form a very extensive series’  
                (Ashworth, 1912)  
  110 
4.1 INTRODUCTION 
Arenciola marina (Linnaeus 1758) was chosen as the first study species for 
two reasons: 
1.  Firstly, to provide an inter-cladistic comparison (Rouse and Fauchald, 
1997, Struck et al., 2011). 
2.  Secondly, to validate the investigative methods used in this study, as 
there are numerous and detailed publications describing the functional 
anatomy that focus on feeding and burrowing. 
 
4.2 ECOLOGY 
A. marina is one of the most common and most heavily exploited 
polychaetes in British waters (McLusky et al., 1983, Olive, 1993). It is found 
on all coasts around Great Britain and Ireland and in northwest Europe. It is a 
sedentary, infaunal species, found in muddy sands from the mid-shore down 
to low water at Spring Tides. The biomass of A marina is controlled by the 
amount of organic matter in the sediment (Longbottom, 1970a). The first 
detailed description of the relationship between feeding and burrowing was 
given by Thandrup (1935), who described A.marina as a surface deposit 
feeder that occupied a U shaped burrow. This consisted of a sand-filled head 
shaft, an open horizontal gallery and an open tail shaft. At the top of the head 
shaft was a shallow funnel-like depression caused by the collapse of the 
sand in the head tunnel as the worm ingested sand to extract organic 
material for nutrition. Characteristic coiled sandy faecal masses were ejected 
around the exit of the tail tunnel. Although there have been numerous studies 
on the bioturbatory effects of A.marina most have focused on the faunistic 
effects. Only a small number, such as that by Volkenborn (2010), have 
examined the hydraulic effects on surrounding sediment, of the powerful 
muscular pumping of A. marina in its burrow. 
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4.2.1 FUNCTIONAL ANATOMY OF FEEDING AND 
BURROWING 
The first detailed studies of the functional anatomy of A. marina, were made 
by (Gamble and Ashworth, 1898, Gamble and Ashworth, 1900, Ashworth, 
1904, Ashworth, 1912). Ashworth (1912) concluded that the gut of A. marina 
was a simple, poorly differentiated tube that could be divided into four 
regions; an eversible buccal mass, an oesophagus, which passes through 
the gular membrane, a stomach and finally the rest of the intestine.  These 
early studies also suggested that feeding and burrow creation, were the 
same process and that A. marina ate its way through the sediment creating 
its burrow as it ate. However, Just (1925), showed that burrows were created 
by the proboscis being alternately extruded and withdrawn rhythmically, 
associated with the backward direction of the notopodia and muscular wave 
movements passing forwards along the body wall. Subsequently, Wells 
(1944) showed that during burrowing little or no sand was ingested. Further 
studies by Wells; (Wells, 1950 , Wells, 1952, Wells, 1954, Wells, 1970) and 
Kermack (1955b) provided more detailed anatomical information and 
suggested that the axial proboscis eversion was driven by increases in 
coelomic pressure. This proboscis extrusion mechanism was extrapolated to 
many other polychaetes. Since these studies, only the review of the evolution 
of the feeding mechanisms of capitelids by Tzetlin (1991), has re-visited this 
topic. 
This investigation aimed to produce the first colour photographs of 
anatomical micro-dissections of the gut and proboscis apparatus as a result 
of detailed descriptions of the anatomy and function of the gut of A.marina. It 
was also planned to acquire dynamic video footage of the burrowing and the 
associated proboscis function, to confirm or modify the existing descriptions 
and functional paradigms. These findings would then form the basis of a 
further functional gut comparison, particularly proboscis function, with the 
faster moving, faster burrowing carnivorous polychaetes; Hediste diversicolor 
and Nephtys hombergii.  
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4.3 GENERAL GUT ANATOMY. 
The gut of Arenicola marina is a long straight tube that is divided into five 
regions and stretches the full length of the worm from mouth to anus. 
These regions are: 
8.  The Proboscis, containing the buccal tube or buccal mass, the 
pharynx, and post-pharynx. 
9.  The Oesophagus, which is divided into jugular, muscular and 
glandular regions. 
10. The Stomach, consisting of a cardiac and much larger post-cardiac 
region. 
11. The Intestine. 
12. The Rectum 
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Figure 80. The Gut anatomy of A. marina 
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Figure 81. Stylized illustration of basic anatomy of A. marina 
constructed from dissections and from Wells (1952)   
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4.3.1 THE PROBOSCIS  
In Arenicola marina the proboscis lining contains varying sizes of papillae. 
This is the part of the anterior gut that can be everted both for ingestion and 
probing (Figure 82). The distinction between buccal mass and ‘pharynx’ 
(Wells, 1952) is based on the difference of papillary size and not any real 
anatomical differences. The tissues are as shown in Figure 82 and consist of 
the anterior buccal mass, with its backward pointing larger conical papillae, 
the pharynx with its smaller papillae, and the shorter post-pharynx with larger 
papillae. It is in continuity with the oesophagus. The post pharynx is the most 
distal part of the gut that can be everted and can just be seen on full eversion 
of the proboscis as seen in Figure 83. 
 
 
Figure 82. The proboscis and anterior oesophageal tissues  
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Figure 83. The everted proboscis of A. marina 
 
The walls of the proboscis and oesophagus are a continuation of the layers 
of the body wall, with the exception of local anatomical specialisations. These 
include, the superficial longitudinal muscle layer that runs through the buccal 
mass and proximal pharynx lying between the circular muscle and the 
epithelium (Wells, 1952). The individual proboscis papillae are hollow 
thickenings of the gut wall, containing blood vessels and muscle tissue. They 
have considerable powers of movement. The anterior pharynx and buccal 
zone merge into one another through a transition zone of mixed papillae 
composed of papilla from each area (Figure 82). The retractor sheath 
(Figures 84 & 85) consists of coelom epithelium and connective tissue 
overlying a muscle layer. It is continuous with the muscle of the body wall. 
The anterior gut is suspended from the body wall of the head by the ‘first 
diaphragm’ or ‘first septum’ of Ashworth (1904, 1912), but later renamed ‘the 
gular membrane’ by Wells (1950). The layers of this structure, histologically, 
are the reverse of those of the retractor sheath with the muscle layer anterior 
to that of the connective tissue and epithelium and running radially. These 
structures are imperforate and isolate the paraoesophageal cavity from the  
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other cavities. The exception is a special point termed the dorsal valve by 
Wells (1952). He suggested that coelomic fluid could access the 
paraoesophageal cavity from the general coelomic cavity but return was 
more difficult. This would keep a cushion of fluid ahead of the gular 
membrane and assist the ‘pulley effect’ of head coelom, described below, 
around which the tissues of the proboscis slide and rotate. 
4.3.1.1 THE FUNCTIONAL ANATOMY OF THE PROBOSCIS. 
The anatomy of the proboscis of A. marina has been described in 
considerable detail by Wells (Wells, 1950, Wells, 1952, Wells, 1954). Its 
limited description here is to describe the findings of our dissections and 
illustrate them with new colour photographs both in the text and photo 
appendix (DVD. Appendix 3.2.2- 4). A great deal of work has also involved 
the measurements of coelomic pressure in the burrowing polychaete 
especially by Truman (Trueman, 1966c, Trueman, 1975b), Seymour (1971), 
and Trevor (1977). Coelomic pressures were measured in both the resting 
and burrowing states and were also closely correlated. In this study coelomic 
pressure measurements were conducted using a 1 mm epidural catheter 
inserted into the region of the stomach and closely matched the figures 
obtained by these workers. It was not until the work of Foster-Smith (1976) 
that the pressure activity of the head coelom was measured, with the aid of 
fine needles and correlated with proboscis movements. He also was the first 
worker to document two types of proboscis eversion.  
Type 1 Eversion involves a high internal pressure in the trunk coelom and a 
large volume increase in the head region with rapid eversion of the proboscis. 
He suggested that this represented the ‘probing sequence’ described by 
Seymour (1971). In type 1, eversion of the proboscis, ‘head coelom’ pressure 
is greater than the trunk pressure with the possibility that there is retention of 
fluid in the ‘head coelom’ by the first membrane valves. 
Type 2 Eversion is a ‘low pressure’ extrusion, where the trunk coelomic 
pressure remains low and there is minimal change in the external volume of 
the head region. The anterior segments narrow and lengthen prior to 
proboscis eversion. Type 2 eversions are associated with higher fluid 
pressures in the ‘head coelom’ than in the trunk. Thus with the latter finding,  
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the ‘head coelom’ can be isolated from the rest of the trunk. It was thought 
that this isolation of the head coelom could be brought about not only by the 
effectiveness of the gular membrane and retractor sheath (Figures 84 & 85) 
but possibly by the narrowing of the anterior segments behind the head. 
This is the first time that it was suggested that in the polychaete worms, that 
proboscis eversion may be independent of trunk coelomic pressure. It also 
shows that contrary to the ‘single coelom’ pressure eversion theories of Wells 
(1954) and Seymour (1971), who felt that the pressure and volume changes 
needed for proboscis eversion were provided by the ‘trunk coelom’, the Type 
2 eversions can be brought about by the isolated head coelom (Figure 84) 
acting as a hydrostatic skeleton separate from the rest of the polychaete. It 
does however assume, anterior body wall retraction up to the first 
chitegenous segment takes place and this can be seen in Figures 84 & 85. 
As the anterior body wall retracts, it pulls the gular membrane forwards, 
increasing head coelom pressure. This then allows the head coelom to 
become an anatomical pulley, around the inferior margin of which, the 
retractor sheath moves forward as the pharynx is everted.  
This theory is further supported by the findings presented in this thesis to be 
described later and also shown in the DVD-Video Appendix 2; Chapter 4, 
number 1 & 5). These show that isolated live anterior body sections of A. 
marina, could be sectioned at distal oesophageal level and still evert their 
proboscises. This emphasises the importance of the gular membrane 
diaphragm and its associated connections, over any anterior segment 
narrowing when ‘sealing off’ the trunk coelom. 
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Figure 84. Anterior gut with proboscis Inverted 
 
 
 
Figure 85. Anterior gut with proboscis everted 
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4.3.1.2 NEW RECORDED FINDINGS ON PROBOSCIS 
EVERSION IN ARENICOLA MARINA 
There is no doubt that proboscis eversion in A. marina is a hydraulic process, 
using fluid pressure generated by the muscular contractions of the body wall 
muscles. However, there is now new evidence to challenge the established 
paradigm; that the process of single coelom fluid pressure is essential for 
proboscis eversion, as suggested several authors (Seymour, 1971, Wells, 
1954). 
Whilst there is no doubt that high coelomic pressures are generated when 
polychaetes burrow as shown by Seymour (1971), Trueman (1966a), Trevor 
(1977 & 1976) and Wells (1954). Truman noticed that during initial 
penetration into sand when probing forward with the head, the proboscis 
eversion was not associated with large pressure recordings from the trunk 
coelom. This was subsequently confirmed by Foster-Smith (1976) when he 
described his ‘Type 2’ proboscis eversion was associated with low trunk 
coelomic pressure but high ‘head coelom’ pressure. He attributed this in part 
to a contraction of the anterior body wall circular muscles behind the head to 
isolate the head coelomic cavity from the trunk cavity, allowing maintenance 
of high fluid pressure in the head end of the polychaete. 
To test this theory of a muscular wall of separation, created by body wall 
muscles contracting and producing a muscular coelomic seal behind the 
gular membrane to support it in maintaining high pressure in the head 
coelom, a body amputation behind the 2
nd or 3
rd chitegenous segment was 
carried out under anaesthetic and proboscis function studied. In this 
preparation the gular membrane and everything anterior to it were left intact. 
There was nothing distal to the gular membrane, which was open to 
atmospheric pressure. A series of video shots were then taken, of which the 
single shots shown in Figure 86 were part. The full video clips are shown in 
full in the DVD. Appendix 3.2.2-1. As can be seen from the ‘stills shots’, 
active and partial proboscis eversion still took place, with no support distal to 
the gular or first membrane inserted in the body wall at the level of the first 
chitegenous segment. This included the full extrusion of the buccal mass and 
just the anterior edge of the pharynx.   
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The video specimen in ‘number 1’ has had a body amputation behind the 3
rd 
chitegenous segment. It showed a partial proboscis eversion to the pre-
oesophageal ring level, distal to the buccal mass. Contractile movements of 
the body wall took place especially anterior to the 1
st Chitegenous segment. 
The overall anterior body wall shape remained narrow and corresponded to 
the Foster-Smith Type 2 model of proboscis eversion. 
In the next video clip, clip-5, the long narrow anterior body is moved 
vigorously from side to side in the same type of ‘search and assess’ 
movements that can be seen in the normal worm moving on sand and in 
shallow water and which is shown at the end of the DVD-Video Appendix 2; 
Chapter 4, number 3. In this scene the worm has surfaced from the sand and 
seems to be feeling the sand and water surface with its buccal mass. 
 
 
 
Figure 86.Proboscis extrusion after coelom amputation 
 
In the last video clip, scene 5, the body amputation has been carried out just 
distal to the gular membrane and was demonstrated under the dissecting 
microscope. It demonstrates that the oesophagus pierces the gular 
membrane and shows the sphincter narrowed at this level. Flushing the 
specimen with filtered sea water showed the stimulation of the sphincter as it 
pierces the membrane. 
This evidence shows that active proboscis eversion was taking place in the 
dissected specimens with nothing but normal atmospheric pressure distal to 
the gular membrane. It confirms that this membrane does not need either 
muscular or coelomic fluid support distal to it, for the anatomical structures 
anterior to the membrane to function normally and produce partial proboscis 
eversion. What is also evident from these films is the considerable degree of  
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contraction seen in the segments of the anterior body wall, especially anterior 
to the 2
nd chitegenous ring. This is illustrated in Figures 87 & 88. 
Figure 87 shows the anterior body wall dorsal to the head coelom in the 
relaxed worm with its normal inverted buccal mass. Figure 88 shows the 
considerable segmental contraction and shortening of the first two 
chitegenous segments. This is also associated with marked turning in of the 
proximal body segments, which seem to be narrowing the head coelom and 
inverting its roof (Figures 89 & 92). This action may further increase the 
pressure within this body cavity and augment the proboscis eversion? 
 
Figure 87. Relaxed body segments dorsal to the head coelom 
 
 
Figure 88. Contracted body segments, dorsal to the head 
coelom, during proboscis eversion  
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Figure 89. Showing marked inversion of proximal body wall 
segments 
 
4.3.1.3 A NEW THEORY ON THE FUNCTIONAL ANATOMY OF 
THE EVERSIBLE PHARYNX OF ARENICOLA MARINA 
The paradigm of the mechanism of the eversible pharynx in A.marina is that 
of the hydraulic effect, of an increase in coelomic pressure, brought about by 
the contraction of the muscular body walls, pushing on the gular membrane, 
which then moves forward pushing out the pharynx and buccal mass in front 
of it. This is supported by Seymour (1971), Wells (1952) and even Foster-
Smith (1976) who, in measuring high coelomic fluid pressures in the head 
coelom, suggested that if body wall contraction of the anterior segments 
could make up the deficit volume, the pressure in the anterior compartment 
would push out the buccal mass. Thus all these authors believed that the 
primary driving force of pharyngeal eversion was provided by fluid pressure. 
Wells (1954) whilst stating the proboscis eversion only takes place when the 
internal pressure is greater than that outside, qualifies it, by stating that other 
criteria must be present. These are that the mouth must be open and the 
buccal musculature relaxed so that the buccal mass can pass through the 
mouth. The hypothesis presented here is that the only driving force of 
proboscis eversion is purely the hydraulic effect of pressurised coelomic fluid.  
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Whilst fluid and fluid pressure in the head coelom are important for full 
proboscis eversion, they are secondary to the initial driving force, which is 
the muscular contraction and hence shortening of the anterior body wall 
musculature. This linear muscular force acts around the head coelom, 
augmented by contraction of the gular membrane (Wells, 1948). The head 
coelom, itself acts as a pulley system, and allows the anterior body wall 
muscles, acting with those of the retractor sheath, with which they are in 
continuity, to pull out the buccal mass and its junction with anterior pharynx 
at the insertion of the retractor sheath. Full proboscis eversion in A. marina 
requires a coelomic pressure behind the gular membrane and this was 
elegantly demonstrated by Wells (1954). 
 4.3.1.4 THE RHYS-DAVIES EXSANGUINATOR. 
The very clever engineering principle of a rolling inflated cylinder was 
developed by Dr. Rhys-Davies (Rhys-Davies and Stotter, 1985). The long 
cylinder was designed to slide onto and up patients’ limbs, as an easy and 
atraumatic method of exsanguinating them, prior to the application of a 
tourniquet and in preparation for surgery (Appendix One, section 4).  
 The sliding principal of the outer envelope moving backwards and forwards 
in continuity with the inner envelope resembles the movement of the 
polychaete proboscis especially that of A. marina. The big difference in the 
anatomy of the two is that in the polychaete, the inner envelope, representing 
the gut, is connected at intervals to the outer envelope, the body wall, by a 
number of septa. These restrict the relative movements of the inner and 
outer surfaces thus preventing the whole worm from turning itself fully inside 
out. The septae allow the surfaces (represented by the body wall, the buccal 
cavity and pharynx) at the anterior end to move relative to each other. 
4.3.1.5 THE PULLEY SYSTEM OF THE HEAD COELOM 
A. marina may be considered as an inflated elastic cylinder filled with fluid, 
but with a strong relatively inelastic muscular body wall and a relatively thin 
very elastic gut. The gut is attached to the body wall, throughout its length, by 
a series of septae which not only serve to stabilise it but also form a series of 
compartments filled with coelomic fluid, which can move sequentially and 
assist with movements and especially burrowing. Because of the stabilising  
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septae and the rigidity of the body wall it is not possible for the worm to turn 
inside out like an ‘Exsanguinator’. At the at anterior end of the worm, the gut 
is suspended from the body wall by two sheets of tissue; the retractor sheath 
and the gular membrane, Wells (1952). This is the ‘first diaphragm’ or the 
‘first septum’ described by Ashworth (Ashworth, 1904, Ashworth, 1912). The 
gular membrane and the retractor sheath are inserted together into the body 
wall just anterior to the first chaetigerous ring. The head coelom is a fluid 
cavity around which the muscular body wall is in continuity with the buccal 
mass and oesophagus up to the gular membrane. This ‘membrane’, passes 
distally and outwards to be in-continuity again with the internal body wall at 
the first chitegenous level. Thus a continuous envelope is formed around the 
fluid filled space of the anterior coelom, albeit with valve mechanisms in the 
gular membrane. Whilst it cannot act to continuously evert its linings like an 
‘Exsanguinator’, if the fluid filled head coelom acts as a flexible pulley and the 
muscular body wall contracts, the buccal mass will slide out and evert. This 
action will be further augmented by tissue pressure building up ahead of the 
gular membrane by the shortening of the body wall and the in turning of the 
anterior body wall adjacent to the mouth (Figures 89 & 92). These figures 
also show the inversion of the ends of the proximal body wall impinging into 
the head coelom thus reducing its volume and hence possibly increasing 
fluid pressure within. This would further augment its pulley function to aid 
proboscis eversion. 
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Figure 90. Diagrammatic functional comparison between 
Arenicola. Marina (1) and a ‘Rhys-Davies’ exsanguinator (2) 
 
Figure 91 shows how the ‘pressure pulley’ of the head coelom would act in a 
similar way to that of the Exsanguinator except that movement around the 
pulleys would be restricted in Arenicola by the limitations of backward 
segmental contraction imposed by the septa. Buccal mass movement and 
hence extrusion would be equal to the length of contraction of the anterior 
body wall up to the point of insertion of the gular membrane at the first 
chitegenous segment. The pressure of fluid in the head coelom would 
improve the efficiency of the pulley system. Further contraction up to the 
second and third chitegenous segments would lead to a degree of further 
oesophageal relaxation.  
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Figure 91. The pulley system of the head coelom 
 
Figure 91 illustrates the part played by the head coelom pulley and how this 
works. The P denotes a pulley system brought about by fluid pressure within 
the head coelom. This allows the tissues around its perimeter to slide freely 
according to their elasticity. On eversion of the buccal mass, the outer body 
wall tissues contract in the direction of arrow 1. This action pulls the buccal 
mass and its associated structures around the large P pulley at the front of 
the head coelom thus starting eversion. With the inward contraction of the 
body wall (arrows 8), the tissues proximal to the gular membrane are 
compressed. This pressure increase pushes the pharyngeal tissues, 
including the retractor sheath (2), forward out of the open mouth.  
The forces of proboscis retraction are shown in the upper half of Figure 91. 
At the start of retraction, the body wall muscles relax (Arrow 4) and as this 
occurs and the first chitegenous segment moves backwards relative to the 
mouth. The retractor muscle, which is anchored at this point not only 
contracts (arrow 5) but is also pulled backwards by the body wall movements. 
The retraction is further assisted by the expansion of the volume of the body  
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cavity anterior to the gular membrane and a reduction in fluid pressure 
(Arrows 7). Arrows 3 & 6 shows the direction of tissue movements around 
the head coelom during eversion and inversion respectively. 
 Wells (1954) stated that in Arenicola marina the gular membrane and the 
retractor sheath did isolate the trunk coelomic cavity from the head coelom 
and that fluid from the general coelom in the trunk was needed for proboscis 
eversion. Seymour (1971)  found that pressures in the head coelom, despite 
measuring difficulties, were greater than that in the general coelom on 
proboscis retraction. These findings were confirmed by Foster-smith (1976) 
when measuring head coelom pressures in Type 1 proboscis eversion. He 
also confirmed that in Type 2 eversions there were greater pressures in the 
head coelom compared with the trunk. This confirms that the head coelom 
can be and is isolated from the trunk coelom at these times. 
 
Figure 92. Sagittal section through everted proboscis 
 
Whilst the high coelomic pressure changes associated with burrowing ( DVD-
Video Appendix 2; Chapter 4, Number 3) and the particular body movements  
that parallel these pressure changes, have been well documented by many 
authors (Chapman and Newell, 1947, Seymour, 1971, Trevor, 1977, 
Trueman, 1966b, Trueman, 1966d, Wells, 1954, Wells, 1961). It has only  
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been Foster-smith (1976) who has measured pressures in the head coelom 
and suggested a function for this area in proboscis eversion. He however, felt 
that tissue pressures anterior to the gular membrane needed to be 
supplemented from the trunk coelom for proboscis eversion to take place, 
albeit at low pressures with his Type 2 eversions. This is almost certainly true 
for proboscis eversion when burrowing, particularly with his Type 1 eversions, 
when a larger body diameter is used. This Thesis work has shown that partial 
proboscis eversion can take place with no anatomical structures to support 
the gular membrane or the tissues anterior to this diaphragm structure and 
have suggested a mechanism by which this can occur. 
4.3.2 THE OESOPHAGUS 
The oesophagus extends from the post pharyngeal region of the proboscis, 
through the three anterior septa to the cardiac stomach at the level of the 
oesophageal pouches (Figure 81). It consists of three distinguishable regions, 
(Kermack, 1955b) : 
I.  The jugular region anterior to septum 1 or the gular membrane. 
II.  The muscular region, between segments 1 – 3. 
III.  The glandular region in segments 4 – 5, including the oesophageal 
pouches which insert into the distal lateral walls just before its 
insertion into the cardiac stomach. 
4.3.2.1 THE JUGULAR REGION, shown in Figure 94-1, is the shortest 
part of the oesophagus, lying anterior to the gular membrane and attached to 
it. The entrance to the oesophagus from the post pharynx is shown in relation 
to surrounding structures in Figure 95 (x10 magnification). There is a narrow 
sphincter at the point where it passes through the gular membrane (DVD-
Video Appendix 2; Chapter 4, Number 6). It has a simple epithelial lining with 
a comparatively thick circular muscle layer.   
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Figure 93. SEM of tissues anterior to the gular membrane 
 
4.3.2.2 THE MUSCULAR REGION shown in Figure 94-2, is somewhat 
convoluted with lateral folds as it is longer than the space that it occupies. 
The inner surface is covered with papillae arranged in rows, as shown 
(Figure 95). Residual sand is often found in this segment (Figure 95). It has a 
simple epithelial lining and like the jugular region there are no ciliated cells 
and the thick circular muscle layer continues. It has a thinner outer 
longitudinal muscle layer. 
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Figure 94. A. marina - anterior gut 
 
 
Figure 95. Opened muscular oesophageal segment. 
 
4.3.2.3 THE GLANDULAR REGION is divided macroscopically into 
two areas, which are immediately obvious when the region is opened on  
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dissection. These areas have been labelled Glandular 1 & 2 and are 
illustrated in Figure 98. Overall it is the third and narrowest of the 
oesophageal regions and but distally it widens laterally for the insertion of the 
oesophageal pouches (Figure 98 - Glandular 2). The oesophagus in these 
dissections can be seen as much darker than the yellowish colour of the 
stomach but in fresh specimens it is green throughout and contrasts 
markedly with the yellow coloured tissues of the stomach. 
The central areas of Glandular 1 longitudinally ridged but less so Glandular 2 
(Figure 98). These ridges flatten out and become smooth towards the 
posterior end of the Glandular 2 area, at the level of insertion of the 
oesophageal pouches (Figure 98)  
 
Figure 96. Oesophageal pouches and glandular region of 
oesophagus 
 
At the entrance to this part of the oesophagus the inner walls are 
longitudinally ridged whilst more distally the ridges progressively flatten out 
as they descend to where the pouches are inserted. (Figures 98 & 100). The 
proximal ridges are covered with ciliated columnar epithelium with mucus 
secreting goblet cells to enhance passage of gut contents into the stomach.   
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4.3.2.4 THE OESOPHAGEAL POUCHES (Figures 96, 97 & 98).  
These are two pear shaped pouches lying freely in the body cavity on either 
side of the gut and proximal to the heart and stomach. They are one of the 
major sites of production of extracellular digestive enzymes (Kermack, 1955a, 
Longbottom, 1970) . 
They open by short necks into the most distal and lateral part of the glandular 
oesophagus. The walls seem translucent and the blood vessels within can 
easily be seen lying between the folds of the pouches. When a pouch is 
viewed from inside, the lining is seen to consist of multiple longitudinal folds 
spiralling in the long axes of the pouches and dividing the pouches into a 
number of axial compartments. The muscle layer is thin but on contraction 
enables the pouches to discharge their contents into the gut. The epithelial 
lining is squamous and not ciliated (Figure 97). 
 
 
Figure 97. Oesophageal pouch; H&E stained T/S section 
(x200 Mag)   
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Figure 98.  Dissection A. marina from muscular oesophagus 
(proximal) to post-cardiac stomach (distal) including the 
Oesophageal Pouches 
 
4.3.3 THE STOMACH 
This is divided into the cardiac stomach lying adjacent to the hearts and a 
much larger post-cardiac stomach.  
4.3.3.1 THE CARDIAC STOMACH is much wider than its distal 
counterpart and has the hearts attached to its outer walls. It is lined with 
simple cubical epithelium with a mixture of mucus-secreting goblet cells 
interspersed together with some ciliated cells laterally. Kermack found that 
some of these epithelial cells had phagocytic properties (Kermack, 1955b).   
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The oesophageal pouches discharge their enzyme containing secretions into 
the distal oesophagus and this part of the stomach. Its inner walls, can be 
seen in Figure 98, are smoother and less ridged and pouch-like than the 
lining of much larger distal post-cardiac stomach.  
4.3.3.2 THE POST-CARDIAC STOMACH is by far the larger area, 
being some five times larger than its cardiac counterpart and lies relatively 
freely in the coelomic cavity. It is tethered only by its ventral mesentery and 
two fine tethering septa first described by Ashworth (1912). This arrangement 
allows considerable swinging movements of the stomach ensuring a good 
mixture of ingested contents and digestion augmenting fluids. 
In a freshly killed worm, there are large areas of yellow tissue, described 
originally by Ashworth and these are due to the chloragogenous substances 
stored in its walls. The lining tissues are thrown into areas of multiple small 
pouches (Figure 99). Each area is surrounded by a large and intricate 
network of blood vessels (Figure 101) all of which are in connection with the 
dorsal and ventral vessels.  
The epithelial lining consists of columnar cells with scattered mucus-
secreting goblet cells. Kermack found that the goblet cells stained purple with 
thionin, confirming mucus secretion as well as granules in the epithelial cells 
staining black with iron haematoxylin. 
Along the sidewalls there a several descending lateral tracts (Figure 100), 
which descend in a spiral fashion into the deep ventral groove on the inferior 
aspect of the stomach. These ciliated tracts tend to be higher in the distal 
half of the stomach and with the aid of their cilia direct the flow of material 
towards the ventral groove. 
The ventral groove is a deep and well-marked track of tissue formed by 
infolding of the ventral tissues, continuing downwards and distally through 
the intestine to the rectum and anus. It is lined with ciliated epithelium to aid 
distal flow of food and ingested materials.  
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Figure 99. SEM of post-cardiac stomach. Magnification X 280 
 
 
Figure 100. SEM of dorsally opened distal stomach. 
Magnification X300  
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Figure 101. SEM of A. marina stomach showing plexus of 
blood vessels. Magnification X100 
 
There appears to be very poor musculature throughout the stomach. The 
only continuous length of muscle is a longitudinal one, found running along 
the dorsal gut wall beneath the dorsal blood vessel, in which blood runs in a 
proximal direction. The remaining gut wall seems very sparsely populated 
with muscle fibres, particularly when considering a total gut transit times of 
15-20 minutes (Kermack, 1955a). Obviously there is sufficient muscle bulk to 
propel stomach contents onwards but these intrinsic muscle fibres are 
probably augmented by body wall musculature and the associated peristalsis 
together with ‘stomach shaking’. 
4.3.4 THE INTESTINE. 
The post-cardiac stomach merges with the intestine at about segment 14 and 
with a gradual transition to a narrower lumen. The other obvious difference 
from the stomach is the very dark colour of the walls. This was originally said 
to be due to ‘brown acid urate of sodium’ by Wiren (1883) as part of his 
histological investigations of the alimentary canal. The intestinal lining  
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resembles a simpler form of the stomach lining with smaller pouches and an 
epithelium consisting of columnar cells and a decreasing number of mucus 
secreting goblet cells. The mucus secretion in the intestine is more viscous 
than the stomach (pH 5.8) due to its higher pH (6.7). Hence it confers a 
degree of protection on the lining epithelium from the more indigestible 
contents and sand grains. Kermack showed that this section of the gut is also 
the major area of water reabsorption, together with the enzymes and 
surfactants contained therein. 
4.3.5 THE RECTUM 
This is relatively long in A. marina as it is a storage facility connected to the 
gut with a 15-20 minute transit time and a defecation time of 45-60 minutes 
(Kermack, 1955b). Together with the surrounding body wall, to which it is 
connected and stabilised by multiple complete septa, it forms a very sensitive 
tail. It also has a good blood supply from its dorsal and ventral mesenteries. 
The rectum is marginally longer than the tail so it is thrown into gentle folds. It 
has poor musculature, resembling the stomach and intestine but with more 
circular muscle than longitudinal. This fact may be related to its ability to 
autotomize its tail when attacked. It is lined with simple columnar epithelium 
and a few goblet cells. Its only ciliated cells are found in the ventral groove, 
which continues down from the stomach. 
The tail is highly sensitive and shortens very rapidly by means of giant fibre 
reaction if the tip is stimulated, for example by a predator (Wells, 1966). If the 
tip is actually seized it can be autotomized in such a way that there is 
minimal loss of blood or fluids due to its segmentation (Linke, 1939). The tail 
regenerates by backward growth (Wells, 1966). 
4.3.6. DIGESTION. 
Despite a relatively large and capacious stomach Arenicola marina has a 
relatively fast gut transit time of 15-20 minutes and a rectal storage time of 45 
to 60 minutes between defecations (Kermack, 1955b). Kermack also felt that 
intracellular digestion and amoebocytes play an important role in the 
digestive processes of this polychaete. It is now thought that this conclusion 
came from the experimental model rather than a factual process  
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(Longbottom, 1970). He felt that extracellular enzymes played a major role in 
A. marina digestion where large volumes of enzymes, produced in the 
oesophageal pouches and stomach, ensured maximum utilisation of the 
relatively small volumes of organic matter present in the large volumes of 
sediment ingested. 
Longbottom showed that no carbohydrases or proteases were detected in 
the oesophagus or intestine but weak concentrations of lipases were present 
throughout the gut (Longbottom, 1970). This suggests maximum absorption 
of any small quantities of fat in the ingested detritus.  He also confirmed that 
the main sources of extracellular digestive enzymes were the oesophageal 
pouches and the stomach. These areas were later shown to exhibit high lytic 
activities, whereas bacteriolytic activities in all other regions of the gut were 
negligible (Plante and Mayer, 1994) . 
It has been well documented that the digestive fluids of deposit-feeding 
animals contain surface-active agents or surfactants that significantly lower 
the surface tension of these fluids. This  augments their functions by inducing 
micelle formation and enhancing the solubility of sedimentary lipids (Ahrens 
et al., 2001, Mayer et al., 1997, Smoot et al., 2000, Smoot et al., 2003, Vonk, 
1969). Three related surfactant molecules have been isolated and identified 
from Arenicola marina (Smoot et al., 2003). They demonstrated a hydrophilic 
amide linkage, which helps to explain previous observations that gut 
surfactants do not adsorb onto sediment transiting the gut.  
Lipids are a valuable source of energy and nutrition but their assimilation is 
hampered by the transporting problem of moving a hydrophobic compound 
through water. It has now been shown that deposit feeders generally and 
Arenicola marina specifically, use much smaller micelles which are not 
subject to straining by the sediment and are thus more easily absorbed by 
the gut (Voparil et al., 2008). 
Thus with its straight tubular gut, large stomach and fast gut transit time 
Arenicola marina relies on an extracellular digestion supported by enzyme 
secretions, especially lipases, supported by surfactants and a relatively high 
ratio of gut fluid to food concentration which is well mixed in a very mobile 
stomach 
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Chapter 5 
 
 
 
HEDISTE 
DIVERSICOLOR 
(O. F. Müller, 1776)  
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5.1 INTRODUCTION 
The polychaete Hediste diversicolor (O. F. Müller, 1776) was chosen as the 
second species to study for the following reasons; 
1.  Firstly to continue to provide an inter-cladistic comparison.(Rouse and 
Fauchald, 1997, Struck et al., 2011).  
2.  Secondly it adopts the dual strategies of both suspension feeding and 
deposit feeding. It thus fits in well between the deposit and filter 
feeding of Arenicola and carnivorous Nephtys for anatomical 
comparisons. 
3.  Thirdly to investigate the functional anatomy related to these types of 
feeding techniques and then to compare and contrast any anatomical 
or biological adaptions made, to those of the other polychaetes being 
studied. 
4.  Fourthly to compare the functional anatomy of the pharynx and jaws, if 
present, of the axial probosces of the three polychaetes. The 
evolutionary influences, on these three polychaetes, have given them 
significantly different diets and the means of acquiring and assimilating 
them. 
5.1.1 ECOLOGY 
Sea fishermen know them as ‘ragworm’ named for the way that they look; 
ragged and limp. Its variable colour has been known since O.F Müller 
described the species as “Die bunte Nereide”, the coloured Nereid, in 1776. 
The variable colours are due to carotenoids, orange and brown pigments and 
biliverdin, green pigments (Dales, 1954). 
They belong to the family Nereididae; order Phyllodocia of which the 
commonest species in our estuaries is Hediste diversicolor, which grows to 
about 25 cm in length. H.diversicolor is a species of significant commercial 
interest, not only because of its use as fishing bait but also as a food in 
aquaculture (Olive, 1993).  
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5.1.2 DISTRIBUTION 
H. diversicolor is native to the northeast Atlantic but it is also found in the 
northwest Atlantic in the areas of the Gulf of Maine and the Gulf of St. 
Lawrence. 
It has a remarkable tolerance to varying salinity and different environmental 
conditions. These influences on the species have been studied by Smith 
(Smith, 1956, Smith, 1976). Its estuarine salinity tolerance is still poorly 
understood, but is a major factor in its adaptability and successful habitation 
of shallow marine and brackish waters of both the European and North 
American coasts of the Atlantic (Smith, 1977). The species is also 
widespread throughout Europe, extending from Northern Europe and the 
Baltic Sea to the Mediterranean coast of North Africa (Clay, 1967, Fauvel, 
1923, Smith, 1977). In 1939 large numbers were transported from the Black 
sea, and released into the closed environment of the Caspian Sea as food for 
the sturgeon populations where both species have thrived (Dales, 1957). 
5.1.3 LIFESPAN 
Its life span seems to vary according to habitat, from approximately 18 
months in the Thames Estuary which includes only one breeding season 
(Dales, 1951)  to 3 years in the Blythe Estuary, England (Olive and Garwood, 
1981). 
5.1.4 HABITAT. 
H.diversicolor an infaunal species which inhabits sandy muds, gravels 
(Figure 102), clays and occasionally even turf (Clay, 1967), in which it builds 
U or Y shaped burrows (Davey, 1994, Dales, 1950, Esselink and Zwarts, 
1989). The depth of these burrows is related to the body size of the 
polychaete and the seasonal temperature (Esselink and Zwarts, 1989). The 
act of burrowing itself has been extensively studied and described by 
Trevor,(1977) and the periodicity of activity by Evans et al., (1974). 
5.1.5 MOVEMENTS 
Crawling, using their parapodia rather like legs, is a method of movement 
characteristic of the errant polychaetes such as Hediste diversicolor originally 
described in detail by Clark in his book on animal locomotion and later by  
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others (Gray, 1968, Clark, 1964, Trueman, 1975a). Hediste exhibits a more 
complex locomotor activity when crawling rapidly; contraction of the 
longitudinal muscles throws the body into sinusoidal waves passing towards 
the head as a direct wave and the whole process is fully described by 
Truman (1975a). 
Swimming is essentially an extension of rapid crawling and again Trueman 
(1975a) pointed out that if it were not for the parapodia, which turn 
backwards during their active stroke, so imparting forward thrust, Hediste 
would swim backwards. He also felt that Hediste compared with Nephtys was 
a very inefficient swimmer. This he attributed to the more rapid and powerful 
parapodial movements of Nephtys and their functioning only on the crest of 
the locomotory wave (Trueman, 1975a). 
 
Figure 102. H.diversicolor in the estuarine habitat of Poole 
harbour, Dorset 
. 
They are territorial and whilst living in the same local environments as 
Arenicola and Nephtys and other larger species of Hediste; their active 
burrow networks do not overlap, contacts are avoided and their own burrows 
are vigorously defended (Lambert and Retière, 1987). Its competitiveness 
with other similar species in overlapping habitats has been previously 
carefully studied and documented (Wolff, 1973, Kristensen, 1993).  
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5.1.6 PREDATION 
Their numbers are subject to predation, especially from wading birds and 
shelducks, which can account for up to 90% of the ragworm population in any 
one area (Evans et al., 1979). Epibenthic predators such as crabs, and 
bottom feeding fish also account for further attacks on their numbers. 
5.1.7 INFESTATIONS 
As might be expected from the environment in which they live, they are prone 
to parasitic infestations. Dales (1950) described an unidentified ciliate in the 
coeloms of males during the breeding season. Another example is the 
coccidian, Coelotropha durchoni, which manages to develop in its host, 
H.diversicolor, because of its ability to circumvent the host's internal 
defense system (Porchet-Henneré and Dugimont, 1992).  
5.1.8 FEEDING 
H.diversicolor is omnivorous as well as being an active predator (Fauchald 
and Jumars, 1979). It also behaves as a deposit feeder (Reise, 1979), a 
suspension feeder (Riisgard, 1991) and a filter feeder (Riisgard, 1994). It is a 
truly very adaptable feeder! 
When searching for food near its burrow it uses two methods of capture 
(Esnault et al., 1990).The first consists of crawling over the sediment surface, 
locating its prey, grasping it with the jaws and ingesting it. Its second tactic is 
to secrete a string of mucus down each side of its body to collect food 
particles. It then slides into the burrow allowing the mucous secretions to 
build up at the entrance. The polychaete then consumes this mucus pellet 
from inside the protection of the burrow. 
As a filter feeder it has been suggested that H.diversicolor could survive on a 
diet of pure phytoplankton, during the appropriate seasons (Riisgard et al., 
1996). 
5.1.9 ENVIRONMENTAL INTERACTION 
Burrow construction by H.diversicolor has a very significant and beneficial 
effect on sediment biogeochemistry. Firstly the burrow construction increases 
the sediment-water interface upwards by a factor of up to three times (Gerino 
and Stora, 1991, Davey, 1994). With the multitude of burrow reworkings in  
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any one estuarine area, Gérino and Stora (1991 also found, that superficial 
material is transported to all levels in the sedimentary layer. Water and solute 
transport is influenced by ventilation of the burrows mainly generated by body 
movements (Kristensen, 1983a, Kristensen, 1983b, Scaps, 2002). 
Gaseous analysis of coastal sediments has revealed that Hediste diversicolor 
activities increase carbon dioxide and ammonium release from these 
sediments (Kristensen and Hanson, 1999). It also enhances O2 uptake and 
CO2 production by up to 70% by their respirations (Kristensen and Andersen, 
1992). Even higher levels of up to 90% were reported by Banta et al., (1999) 
which they attributed to both increased solute exchange and increases in 
total benthic metabolism 
5.1.10 FUNCTIONAL ANATOMY OF FEEDING AND 
BURROWING 
Apart from a description of the specialized proboscis of Micronereis variegate 
by Regnard (1913), there is no detailed description of the proboscis until 
Dales (Dales, 1962) 
In H.diversicolor, as in all nereids, the proboscis is a muscular mass of tissue 
within the first twelve segments of the resting worm. Lying between the 
globular muscle mass of the pharynx and the mouth is a membranous 
eversible buccal tube bearing small immovable teeth, the paragnaths (Figure 
103).  
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Figure 103. Sagittal section of the anterior body of 
H.diversicolor 
 
When the proboscis is protruded, during food capture or burrowing (DVD-
Video Appendix 3; Chapter 5, Number 1), the buccal tube is totally everted so 
that the paragnaths face outwards. The buccal tube then appears as two 
rings of tissue divided by an obvious groove (Figures 104 & 109). 
A single pair of jaws arises laterally and slightly dorsally within the pharynx. 
They are only completely revealed when the buccal cavity is fully everted. In 
Figure 104 the buccal tube is almost fully everted. The degree of proboscis 
extrusion can be carefully controlled when burrowing and feeding, and only 
the most anterior ring of the buccal tube may be everted (Dales, 1962).  
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Figure 104. H.diversicolor with proboscis everted 
 
Several authors have described, in detail, the anatomy of the muscular 
pharynx and associated body wall muscles of H.diversicolor (Dales, 1962, 
Mettam, 1967, Trevor, 1977). Dales (1961) states “the main everting force of 
the pharynx is provided by the contraction of the anterior body wall 
musculature acting through the coelomic fluid”. He also stated, “puncturing 
the coelom behind the head disables this mechanism”.  
There is general agreement on the function of retractor muscles following 
proboscis eversion. There also appears to be absolute agreement, not only 
between these authors but also subsequent authors, that proboscis eversion 
occurs as a direct result of an increase in coelomic pressure.  
As a result of some of the work related to this thesis, the coelomic pressure 
changes associated with proboscis eversion in Hediste and Nephtys has 
been found to be secondary effects and not the primary driver of pharyngeal 
eversion, which was attributed to direct muscular action of the body wall 
muscles on the pharynx.  
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5.1.11 BURROWING 
(DVD. Appendix 3.2.3-2) 
H.diversicolor starts burrowing with lateral movements of its body, which in 
softer sediments allows it to sink directly into the trench that is formed. This 
trench allows it good initial body and parapodial purchase in the sediment 
(DVD). Then whilst holding its head and prostomal palps in contact with the 
sediment it starts to bury its anterior segments. Once the first few body 
segments are buried and further anchorage is obtained, the digging cycle 
begins with proboscis eversion. If coelomic pressure is now measured, it is 
found that the magnitude of the pressure pulses increase as burial 
progresses and may be correlated with increasing resistance of the 
substratum as depth increases (Trevor, 1977). Trevor also concluded that if 
burrowing was only a means of progressing from point A to Point B, it was 
inefficient and energetically expensive (Trevor, 1978) 
5.2. GENERAL GUT ANATOMY 
The gut of H.diversicolor is not exactly a long straight tube from mouth to 
anus as it appears in dissection (Figure 105), except when the proboscis is 
everted (Figure 107). In the relaxed position, the stomach is folded up behind 
the pharynx and proximal to the intestine (Figure 106). This is because the 
distal stomach at the level of the sphincter, where it enters the intestine, is 
firmly attached to the inferior body wall. In the relaxed worm, the gut anterior 
to the intestine is longer than the 10 segments of body length that it occupies. 
Only when the proboscis is everted and the stomach is pulled forwards does 
the anterior gut straighten (Figure 106). The gut of Hediste diversicolor is 
divided for this description into four different regions: 
1.   The proboscis, containing the buccal tube, the Jaws and the 
Pharynx. 
2.   The oesophagus including the oesophageal pouches. 
3.   The stomach.   
4.  The intestine, from stomach to anus.  
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Figure 105. Open dissection of the anterior gut of 
H.diversicolor 
 
5.2.1. THE PROBOSCIS. 
The proboscis consists of a membranous buccal tube, that turns inside out, 
revealing its lining including the small fixed teeth, the paragnaths, and the 
muscular pharynx containing a pair of hollow jaws deeply inserted into the 
posterior and lateral walls of the pharynx (Figures 105–109). 
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Figure 106. Anterior gut of Hediste showing stomach folded 
behind pharynx 
 
 
Figure 107. Showing stretched stomach with pharynx everted 
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Figure 108.’Prey view’ of the everted proboscis and jaws of 
H.diversicolor 
 
 
Figure 109. Inferior aspect of everted proboscis 
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5.2.1.1. THE BUCCAL TUBE 
The buccal tube is a tough, slightly elasticated membranous structure 
containing the mini-teeth, or paragnaths, embedded in the tough surface 
cuticular layer of tissue seen on the bottom right of the SEM in figure 110. 
As the globular shaped pharynx slides forward though the mouth, the buccal 
tube is inverted exposing rows of paragnaths, and the jaws (Figures 104,108 
& 109). In the closed position, the jaws are seen to overlap their tips and lie 
above and lateral to the main pharyngeal cavity (Figure 111). 
The main or 1st grove in the buccal tube of the extended pharynx (Figures 
104 & 109) is produced by the pull of the insertions of the ring and proboscis 
muscles (Figures 123 &124), which are being stretched by the full eversion of 
the proboscis. The second groove is the insertion of the buccal tube around 
the proximal peristomium. 
The paragnaths are hard denticles that occur in regular patterns on the 
muscular eversible pharynx of many taxa in the polychaete family Nereididae. 
They were first systematically described by Kinberg (1865) and since them 
have been used taxonomically to distinguish species. However, recent 
studies have shown that phylogenic relationships based solely on paragnaths, 
give different topologies and clade support than relationships inferred from 
other character systems (Bakken et al., 2009). The paragnaths and jaws of 
the polychaete are composed of scleroprotein. It has been suggested that the 
paragnaths of H.diversicolor are used for feeding (Barnes and Head, 1977) 
although there is no published evidence for this.. They are also said to be 
used in burrowing (Dales, 1963b). Functionally it would be reasonable to 
assume that they increase the resistance of the inverting buccal tube to 
prevent ‘prey escape’ and provide extra grip for the buccal tube sidewalls, to 
hold captured prey.  
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Figure 110. SEM of the buccal cavity lining of H. diversicolor 
 
5.2.1.2. THE JAWS  
Compared with the size of the pharynx, the jaws look very impressive for 
their size. Their stable articulation works by virtue of their opposed insertions 
into the lateral pharyngeal muscle masses (Figure 111) rather than a fixed 
articulation. This makes them less powerful than they might look. They are 
still strong enough to grasp and firmly hold prey and pull it into the 
pharyngeal cavity lying between them (Figure 111). The prey, once it is 
drawn into the pharynx, is then compressed and crushed by the jaws, which 
are securely inserted by way of their hollow conical bases (Figure 113), into 
the pharyngeal muscles of the very muscular pharynx.    
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Figure 111. T/S section of anterior body and pharynx of 
H.diversicolor showing relationship of pharyngeal cavity to 
the jaws 
 
The arrangement of the anterior segments of a resting worm was examined 
using mini X-ray (Figure 112A). This revealed the closed jaws, with tips 
overlapping, lying within a retracted pharynx, behind the proboscis and 
contained in segments 1-5. This also showed by their position, buried in the 
lateral pharyngeal walls, that they splint and reinforce the walls of the 
pharynx (Figures 112 & 113). This ‘splinting’ effect fulfils three roles:  
1.  Firstly, once their prey is captured and gripped (Figure 112-B and 
DVD. Appendix 3.2.3-1) the jaws serve to hold the walls of the 
pharynx open whilst the pharynx retracts and draws in the prey. Once 
inside the pharynx, the prey is crushed, initially by the anterior jaws 
and then by the muscular walls of the pharynx containing proximal 
halves of jaws inserted and buried in the lateral pharyngeal walls 
(Figures 113,114 &115).  
2.  Secondly the jaws act as an axial skeletal brace, reinforcing the walls 
of the anterior pharynx, and adding rigidity, to combat the compression  
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forces exerted upon the pharynx when it is everted during burrowing 
(Figure 115). 
3.  Thirdly they act like the jaws of a ‘nutcracker’ to further crush their 
prey in the distal third of the pharynx where the muscular walls of the 
pharynx replace the ‘hand’ around the nutcracker (Figures 113 & 115). 
 
Figure 112. Mini X-ray of anterior segments of H.diversicolor 
showing position of jaws in resting position (A) and everted 
grasping prey (B) 
 
Micro-CT was used to examine the pharynx to show the position of the jaws 
relative to the pharyngeal cavity (Figure 114). 
The main cavity of the pharynx lies between and below the jaws (Figure 111), 
and lies between the buccal cavity anteriorly and the oesophagus posteriorly. 
The jaws are hollow and their internal proximal half is occupied by the 
insertion points for the powerful pharyngeal muscle. 
The insertion points for the muscles are as shown in Figure 111. The full 
anatomical structure of the jaws is best viewed in the rotating micro-CT video 
clip seen in the DVD. Appendix 3.2.3-6. As described before, the main 
purpose of the jaws is for grabbing and holding. They do not have the power 
or movements for mastication as these capabilities are only present in hinged 
articulating jaws with external muscular insertions. Nephtys might be the 
exception to this, in the polychaete world, with its perfectly opposed rotating 
jaws (Wolf, 1976). 
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Figure 113. Pharynx, stomach and gastro-intestinal insertion 
point of H.diversicolor 
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Figure 114. Micro-CT image viewed from below the pharynx, 
and with the pharyngeal cavity enhanced with barium 
sulphate to show its relationship to the jaws 
 
It has been shown that considerable quantities of zinc occur in the jaws of 
Hediste (Lichtenegger et al., 2003, Bryan and Gibbs, 1979).The hardness 
and stiffness in the jaw tips are comparable to human dentine and are 
achieved by extensive combination of zinc with a histidine rich protein 
framework (Broomell et al., 2006). The highest concentrations are found 
towards the darker tips (figure 115). In a later discovery, a new protein was 
found in the jaw tip and named Nvjp-1.It is postulated that it may be partly 
responsible for the hardening process in the tips of the jaws (Broomell et al., 
2008).  
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Figure 115. A pair of isolated Hediste jaws showing darker 
areas of increased mineralisation associated with greater 
strength. 
 
The lighter areas of structural colouring are those associated with the 
insertion of the pharyngeal muscles and the parts of the jaws buried in the 
pharyngeal muscles..  
The micro-CT image seen in Figure 116 shows the jaws and their relative 
positions within the pharynx. The soft tissues of the pharynx have been 
digitally removed leaving only the jaws and some small pieces of ingested 
material. Figure 116A shows a more rotated view, which not only illustrates 
the overlapping tips of the jaws but also the hollow deep muscle insertion 
cones in the bases of the jaws and the saw-like grasping inner edges.  
SEM was also used to examine the jaws of Hediste in situ (Figure 117) and 
illustrates how deeply they are buried in the pharyngeal muscles.  Dissection 
shows that the base of the jaw is inserted deep into the pharyngeal muscle to 
the pharyngeal lining (Figure 118). Only the saw like teeth are visible. This 
depth of insertion not only adds compression strength when the jaws are 
gripping but also provides mechanical reinforcement to the pharynx itself.  
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This added reinforcement would give considerably increased axial rigidity to 
resist the compression forces applied to the proximal end of the pharynx 
when it is extruded during burrowing. This is further illustrated in Figure 113. 
 
 
Figure 116. Micro -CT images of Hediste jaws with the 
pharyngeal tissues digitally removed 
 
 
Figure 117. SEM Hediste jaw inserted into pharynx  
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Figure 118. Dissection of pharyngeal wall showing jaw 
insertion into muscles below pharyngeal lining 
 
1)   
Figure 119. SEM. of opened dissection of pharynx of H. 
diversicolor 
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5.2.1.3. THE PHARYNX. 
The pharynx is a one to two centimetre ovoid muscular body lying within the 
first five segments of the polychaete. It is enclosed by the adjacent body wall 
and coelomic fluid but is free to move along its longitudinal axis by 
approximately its own length. A transverse section of the body wall at mid 
pharynx level (Figure 111) shows the pharynx, surrounded by yellow gelatin  
which illustrates the surrounding coelomic cavity and the free space around 
the pharynx. Forward movements are constrained by the length and elasticity 
of the buccal tube, by the dorsal and ventral restraining muscles (Figure 122) 
and by the fixation of the gastro-intestinal junction to the body wall at section 
10-12 (Figure 107). When fully extruded, the body of the pharynx passes 
beyond the anatomical mouth at the peristomium, although the only visible 
exposed cuticular lining reaches the insertions of the jaws into the muscular 
body (Figs.117 & 118). 
The cavity of the pharynx is slightly hourglass shaped with its narrowed 
middle portion lying vertically surrounded laterally by the jaws (Figure 111). It 
widens above and especially below the jaws. This is most clearly observed 
through the use of barium-enhanced micro-CT scanning (Figure 114).The 
image, which is an inferior view, shows the cavity of the pharynx below the 
jaws. This is also illustrated in Figure 119, which shows the upward curve of 
the jaws around and above the main pharyngeal cavity. 
The pharynx is lined with a fibrinous cuticle, containing collagen, shown in 
blue on the transverse section (Figure 120). The section is stained using the 
Martius yellow-brilliant crystal scarlet-soluble blue (MSB) technique (Ledrum 
et al., 1962). The fibrin and muscle are shown in red. Under this cuticle lies a 
stratified epithelium containing mucus-secreting goblet cells. The whole 
pharynx is reinforced by the parts of the jaws deeply inserted into the 
pharyngeal muscles of the lateral walls. 
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Figure 120. Transverse section of pharynx stained with MSB 
(x100 Mag) 
 
 
Figure 121.Lateral micro-CT image of anterior gut of 
H.diversicolor enhanced with barium 
.  
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Figure 122.Dorsal dissection showing pharynx, buccal tube 
and dorsal restraining muscles 
 
As Dales (1962) observed, in his classic treatise, most nereids have a pair of 
wide muscular bands inserted dorsally onto the posterior pharynx that arise 
from the adjacent body wall. They act as retractors for the everted proboscis. 
These are absent from Hediste diversicolor where the proboscis retraction 
appears to be brought about by the resultants of the body extension of the 
anterior twelve body segments, as they relax and the pull exerted by the 
stomach tissues attached to the body wall at segment 12, together with the 
aid of the contracting dorsal and ventral retractor muscles. The dorsal 
elements of these latter muscles are illustrated in the dissection shown in 
Figure 122. This shows a pair, of what we call, the ‘dorsal’ proboscis muscles 
dissected out. These in fact are inserted as a ring around the anterior buccal 
tube and originate from the body wall at the level of the peristomium. They 
function as ‘retractors’ to the everted proboscis and would also initiate 
involution of the buccal tube having first been stretched by the everting 
proboscis. Dales (1962) calls these ‘protractor muscles’.  
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There is another group of paired dorsal and ventral muscles represented by 
their dorsal component (Figure 122), described here as the Dorsal Retractor 
muscle for clarity as it was not recognised by Dales and Regnard (1913). The 
dorsal retractor muscles are wide muscles originating on the dorsal and 
ventral surfaces of the pharynx and stretch forwards to their insertion point in 
the same groove around the buccal tube as the dorsal proboscis muscles. 
These muscles serve to retract the buccal tube on pharyngeal inversion. 
At the anterior end of the pharynx is a complete ring of muscle referred to by 
Dales as the ring muscle (Dales, 1962). This is shown in Figures 111,123 & 
124. This is an important girdle of muscle, encircling the proboscis, attached 
distally to the middle portion of the buccal tube and proximally to the anterior 
rim of the pharynx. In the retraced proboscis, there is a muscle layer 
overlying this muscle. In the everted proboscis the ring muscle is also 
inverted and comes to lie over the anterior half of the ellipsoid pharynx up to 
its equator. On proboscis retraction the ring muscle contracts, squeezing the 
sloping pharyngeal walls backwards. Simultaneous contraction of the 
retractors, together with relaxation and lengthening of the body wall and 
subsequent traction on the pharynx by the proximal gut will all lead to a 
powerful retraction force on the proboscis. It has been suggested by Dales 
that the ring muscle may play a more important role in those nereids that do 
not possess the large posterior pharyngeal retractor muscles such as 
H.diversicolor.  
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Figure 123. Ring muscle of anterior pharynx 
 
 
Figure 124. Muscles around the buccal cavity  
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Figure 125. Dosal dissection of buccal tube, pharynx and 
stomach. 
 
5.2.1.4. A NEW HYPOTHESIS FOR PROBOSCIS EVERSION IN 
H.DIVERSICOLOR 
To date it has always been accepted that the primary force for proboscis 
eversion, in nereids has been coelomic pressure. Indeed in his 1961 paper 
Dales states ”the main everting force is provided by the contraction of the 
anterior body wall musculature acting through the coelomic fluid for puncture 
of the coelom behind the head disables the mechanism”. 
We have found that a penetrating, local dorsal body insult, such as 
puncturing the dorsal body wall with a needle or making a small incision in it 
with a scalpel, inhibits proboscis eversion, not by the release of pressure but 
such attacks on the dorsal musculature seem to inhibit local body wall 
muscle contraction. If on the other hand the polychaete body is completely 
transected between segments 6-8, behind the level of the oesophageal 
pouches the animal can still evert the proboscis! This is best shown in the 
DVD. Appendix 3.2.3-3,4 & 5. 
 It is interesting to note at this stage, that if one asks fishermen how to evert 
the proboscis of a ragworm to place the hook, they will always squeeze the 
worm over the first five segments to ease out the pharynx and not squeeze 
its body thus expecting coelomic pressure to do so.   
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Figure 126. Inferior dissection of anterior body of 
H.diversicolor showing gut and level of transection 
 
We have found that the key to proboscis eversion in nereids lies in the 
contraction of the longitudinal and circular muscles of the first five segments 
of the polychaete body and is independent of coelomic pressure which acts 
in a secondary role of stabilizing the head of the polychaete for moving and 
burrowing. 
Figures 127 and 128 are a series of single stills taken from a video clip of a 
live H.diversicolor, which had had its body transected at segment 7 (Figure 
126), just posterior to the oesophageal pouches. The full video clips are to be 
seen in the video Appendices mentioned above. 
They show from picture 1 to 14 a complete single cycle of proboscis eversion, 
despite the obvious open removal of the rest of the gut and the proximal 
insertion of the stomach into the oesophagus. The coelomic cavity is 
completely open so there is no coelomic fluid or external pressure that can 
influence the action. 
Proboscis eversion is seen to take place by the progressive contractions of 
body segments 1 through to five. The maximum narrowing of the body wall is 
that of segment 1, show here in picture 8, (Figure 127), when the proboscis is  
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fully extruded and the jaws are open. It is at this stage that the post curvature 
of the ovoid pharynx lies just at this level. Segmental contraction width of 
segments 2-6 gets progressively wider until segment 6 & 7 now look fully 
relaxed. As the proboscis inverts, the anterior four segments are seen to 
progressively and sequentially relax. The cartoon drawing in Figure 129 
represents the sequential circular and longitudinal muscle contractions. It 
shows how this work suggests that the muscle contractions behind the ovoid 
body of the pharynx push it forwards through the buccal cavity whilst the 
anterior body wall muscles inserted around the anterior proboscis open the 
mouth (Figure 124) 
 
Figure 127. Anterior body of H.diversicolor amputated at 
segment 7 (Pictures 1-9) 
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Figure 128. Anterior body of H.diversicolor amputated at 
segment 7 (Pictures 10-14) 
 
 
Figure 129. Cartoon illustration of sequential body wall 
contraction everting the pharynx  
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5.2.2. THE OESOPHAGUS AND POUCHES. 
The oesophagus is a short segment of gut, approximately half a centimetre in 
length between the pharynx and the stomach which contains the 
oesophageal sphincter, distal to and below which the oesophageal pouches 
open, directing their contents into the stomach. In the past the region of gut 
distal to the sphincter and down to the intestine has also been included as 
part of the oesophagus. Here it is described as ‘stomach’ as it appears to 
have secretions and movements more associated with a mixing chamber 
than a unidirectional peristaltic tube suggested by the term oesophagus. It is 
also the demarcation zone between the pharynx and the stomach. It is lined 
with a transitional epithelium from the pharynx to level of the entry of the 
oesophageal pouches. It then merges with the glandular mucus-secreting 
epithelium of the stomach via a tight sphincter (Figures 133 & 134), which 
prevents reflux of both stomach and oesophageal pouch contents into the 
pharynx. It is surrounded by very well developed musculature. 
 
Figure 130. Transverse section of oesophagus of 
H.diversicolor stained with MSB showing the fibrin in red, 
muscle paler red and collagen blue (x30 Mag) 
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The pouch secretions, which are a major source of extracellular enzymes in 
N. virens (Kay, 1974), exit the pouches beneath this sphincter, through their 
own sphincters. These are also closely applied to and below the Oesophago-
gastric or Oesophageal sphincter as illustrated by the trans illuminated 
photograph as shown in Figure 134. 
The oesophageal pouches are two hollow sac-like glands lying infero-laterally 
to the stomach in the body cavity. They contain a very convoluted mucus-
secreting lining. 
The convoluted glandular lining provides each oesophageal sac with a large 
secreting area for mucus and enzyme production. There is a well-developed 
muscular sheath surrounding each sac, which, on contraction, powerfully 
propels the pouch contents into the glandular stomach. This muscular wall 
and the multiple folded layers of the mucosal wall were demonstrated by 
SEM (Figure 132) and the trans illuminated images of Figure 131. 
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Figure 131. Oesophageal pouch; trans illuminated to show 
convoluted glandular lining surrounded by a well-developed 
muscle layer 
. 
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Figure 132. SEM image of an oesophageal pouch, showing 
the multiple convoluted folds of the mucosa and the thick 
muscular wall (x80 Mag)  
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Figure 133. Oesophageal sphincter between pharynx and 
stomach 
 
The epithelial lining of both pouches is similar to the stomach, being 
glandular and columnar (Figure 135). This glandular epithelium and 
encircling muscle layers can be demonstrated through the use of Pasini 
stained transverse sections of pouch (Figure 135) .  
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Figure 134.Opened oesophageal pouch, and sphincters 
 
 
Figure 135. Transverse section of oesophageal Pouch of 
H.diversicolor stained with Pasini stain. (x 40) 
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5.2.3 THE STOMACH 
Authors have in the past referred to the length of gut between the pharynx 
and the intestine as ‘Oesophagus’. However, within this region, there is an 
isolated segment cobblestone-like gut whose cells are mucous-secreting. 
This section is sealed proximally and distally by powerful muscular sphincters, 
and showed reversed peristalsis. Several authors (Kay, 1972, Kay, 1974, 
Vonk and Western, 1984), have described this as an area of significant 
digestive enzyme production, especially in N. virens with similar anatomy, 
which adds weight to this terminology. These features are more consistent 
with a stomach definition. The term “oesophagus” is therefore here reserved 
for the length of gut which lies between the pharynx and the stomach. Its 
posterior limit is defined by the proximal ‘gastric’ or oesophago-gastric valve 
(Figure 136-B).  
. The stomach, therefore, is a short region of gut, approximately 5-6 
segments long that becomes significantly elongated (Figure 107) when the 
pharynx moves forward into eversion. It is restrained by its attachment to the 
ventral body wall where it is associated with a large vascular origin at the 
gastro-intestinal junction. The musculature of this region is well developed. 
The longitudinal muscle adjacent to the epithelium is not particularly well 
developed but the circular muscle surrounding this and the sheath of 
longitudinal muscle which encircles the whole stomach are both well 
developed and play an important role in “reversed peristalsis” that will be 
discussed later and can be viewed in the DVD-Video Appendix 3; Chapter 5-
Numbers 7&8. 
The stomach is a tube that can be sealed at both ends by powerful sphincter 
muscles. Proximally it is closed by the oesophageal sphincter (O.G.), (Figure 
136-B), and distally by the very strong gastro intestinal-intestinal sphincter 
(G.I), Figure 136-B. These sphincters are shown in their normal orientations 
in Figures 138,139 & 140. Figure 138 shows the proximal oesophago-gastric 
sphincter, opened out. It is composed of series muscular components 
forming a ring. The lining mucosa is a mixture of pharyngeal and gastric as 
illustrated in Figure 138. Figure 139 shows the narrow band of gastric 
mucosa surrounding the central muscular sphincter with a blood vessel in its 
wall. This is the sphincter as seen from the stomach looking towards the 
intestine.  
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Figure 137 shows the proximal foregut sectioned at the level of the proximal 
stomach and just distal to the proximal gastric sphincter and the oesophageal 
pouches. The coelomic cavity is filled with 5% gelatin (translucent yellow) to 
show the positions of the mesenteries and the anterior gut. The clear view 
into the pharyngeal area is through the proximal gastric sphincter. 
 
 
Figure 136. Dissection of anterior gut to show: A- stomach in-
situ. B- Stomach opened and its relationship to the pharynx 
and intestine  
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Figure 137.T/S section of H. diversicolor body wall at level of 
proximal stomach looking anteriorly towards pharynx 
 
 
Figure 138. Proximal gastric sphincter opened out.  
(Oesophago-Gastric or OG sphincter) 
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Figure 139. Distal gastric sphincter seen from stomach 
 
 
Figure 140. Distal gastric sphincter (G.I or gastro-intestinal) 
viewed distally from intestine 
 
The captured prey is first crushed in the pharynx and then passed through 
the oesophageal sphincter into the stomach where it is mixed with mucus 
and digestive enzymes from the gastric mucosa and oesophageal pouches.  
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Here it is held and stirred in this closed chamber, and observation of 
dissected specimens has shown a process of ‘reversed peristalsis’. During 
this action the normal process of proximal to distal peristalsis is reversed, 
and waves of stomach wall contractions are seen moving proximally. For 
every distal contraction there appears to be two or three reversed 
contractions. This would suggest that the ‘food’ throughput is delayed in the 
stomach, for thorough mixing with secretions. This not only occurs as a result 
of the ‘reversed peristalsis’ movements of the stomach itself but also by the 
closure action of the strong distal valve. All of this delay in stomach emptying 
maximizes the digestive process, before releasing the stomach contents into 
the intestine for absorption. 
 
Figure 141. Stomach wall divided to show large array of 
vessels below stomach 
 
At the level of the gastro-intestinal sphincter, the distal stomach is firmly 
tethered to the body wall. This is the first fixation point of the gut to the body 
wall after that of the anterior pharyngeal muscles. This distal tethering of the 
anterior gut would appear to be for two reasons:  
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 Firstly this is a main stabilization and anchor point for the anterior gut whist 
everything anterior to this stretches (stomach) or moves forward (pharynx) 
when the proboscis is everted. The stretched muscles together with the 
elasticity of the anterior gut can then also assist in pharyngeal retraction. 
Secondly it is the major entry point for the plethora of blood vessels and the 
nerves supplying the stomach, sphincter and proximal intestine. They enter 
inferiorly on a relatively narrow stalk and require stable tissues at this point of 
entry (Figures 137 & 141). 
As one would expect from an organ playing such an important role in 
digestion, including mucus and enzyme secretion, a rich blood supply is 
essential. This is illustrated in figure 141 where the middle part of the 
stomach has been removed to reveal the large plexus of blood vessels. 
These surround the stomach but this plexus of vessels is most prominent 
around its inferior surface. The dorsal and ventral longitudinal vessels, the 
dorsal of which maintains a postero-anterior blood flow, supply these vessels. 
Both vessels are contractile. The gastro-intestinal sphincter also has a rich 
blood supply as can be seen from Figures 139 & 140, which show both the 
inner ring of vessels around the muscular sphincter itself and the feeder 
vessel coming in from the inferior body wall plexus.  
The stomach and adjacent pharyngeal lining tissues are as shown by the low 
magnification montage obtained by SEM in Figure 142;  
A- At a magnification x40, shows the opened pouch leading into the 
“cobblestone” mucosa of the stomach with the pharynx, short 
oesophagus and oesophageal sphincter on the right. 
B- At a magnification x30, shows the stomach mucosa leading through 
the muscular sphincter into the intestine.  
C at a magnification x30, is an open transverse section of the stomach 
showing the prominent powerful muscular wall surrounding the mucosa. 
This is better illustrated in the higher magnification (X100) SEM coronal 
section in Figure 143.  
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Figure 142. SEMs of N.diversicolor stomach and adjacent 
pharynx, pouch and intestine 
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Figure 143. SEM of a coronal section of Hediste stomach 
showing the thick muscular walls 
 
5.2.3.1 REVERSED PERISTALSIS. 
Specimens of anaesthetised H.diversicolor were dissected and the stomachs 
opened under seawater. The dorsal and parts of the lateral walls were 
removed to observe the mucosa. Stomach peristalsis was carefully observed 
and recorded on video. The results are shown in detail in the DVD. Appendix 
3.2.3-7&8). This revealed obvious intermittent waves of reverse peristalsis 
emanating from the distal sphincter and moving proximally up to the proximal 
sphincter. On the seven different specimens observed, it appeared that the 
number of reverse waves compared with normal proximal to distal waves 
ratio was 2-3:1. This type of reversed peristalsis has not been reported  
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previously. The purpose would seem a very practical way of keeping food, 
being digested in the relatively small stomach, in situ for a longer period to be 
mixed with enzymes and secretions, before it passes through to the intestine. 
It would also explain why such a muscular sphincters would be necessary 
proximally and distally. The whole process of this localised and anatomically 
isolated area for digestion further reinforces the descriptive terminology of a 
‘stomach’.  
The Histology of the wall of the stomach shows that the inner surface is 
raised into a series of papillae with columnar epithelium. Cilia appear to be 
absent although there are abundant glandular and mucus cells present 
shown with Pasini stain (Figures 144 &145). 
Figure 145 is a transverse section of stomach wall showing the mucus cells 
and glandular epithelium, with the thin layer of the immediate underlying 
muscles. 
 
Figure 144. Longitudinal section through stomach. Pasini 
stain (x40 Mag)  
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Figure 145. T/S section of Hediste stomach stained with 
Pasini (x40 Mag) 
 
5.2.4 THE INTESTINE 
The intestine is a straight tube, constricted segmentally by it attachments to 
the body wall, and stretches from the distal gastric or gastro-intestinal 
sphincter to the anus. Within this chapter, the intestine is divided into three 
sections: referred to as anterior intestine, mid-intestine and posterior intestine. 
As in most Errantia, the whole intestine is a major site of digestion and 
absorption. The anterior one third is mainly concerned with extracellular 
enzyme secretion whilst the posterior region is more devoted to absorption, 
storage, waste formation and packaging (Marsden, 1966, Michel, 1970a, 
Michel, 1970b, Welsch and Storch, 1970). 
The segmental anatomy is well shown in Figures 146 &147. In Figure 146, 
the dorsal body wall has been removed showing the segmentation of the 
gelatin-filled gut and its segmental attachments to the body wall. The small 
yellow tubes on the top of the gut are the remaining blood vessels which 
remain after the removal or the dorsal vessel. Figure 147 shows the intestine  
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segments dissected away from the body walls and revealing the rich 
segmental vasculature with the many small blood vessels associated with 
each intestinal segment. Each segment is seen to be expanded at its 
attachment to the body wall. The internal mucosal patterns and segmentation 
are also shown in the trans illuminated midgut (Figure 148 ) and the 
dissections (Figures 149 &150). 
 
Figure 146 . Intestine of H.diversicolor filled with 5% gelatin 
to demonstrate segmentation (anterior to posterior is left to 
right) 
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Figure 147. Dissection of H.diversicolor midgut from body 
wall 
 
It was interesting to note that in the course of many dissections, there has 
been a distinct colour change noted in the intestinal wall between the anterior 
and mid-intestine (Figure 150) for reasons that are not immediately obvious. 
The colour changes from the green of the anterior intestine to a brown colour 
in the middle and posterior intestine. The epithelium bears a micro-villi ‘brush’ 
border and contains a profuse number of glandular cells in the anterior third. 
The glandular epithelium gets progressively thinner as the middle and distal 
sections are approached. In several freshly dissected specimens the gut 
colour change seemed to take place where the gut thinned and glandular 
epithelium became less proliferative. 
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Figure 148. Dissection and low magnification (x10) of 
H.diversicolor midgut 
 
 
Figure 149. T/S of segment of intestine (A) and section of 
intestine from H.diversicolor opened at anterior end (B). 
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Figure 150. Opened section of intestine (H. diversicolor) at 
junction of anterior and mid sections 
 
The magnified segmental anatomy of the Hediste intestine can also be 
illustrated using micro-CT scanning with barium enhancement as illustrated 
in Figure 151. This composite figure shows mid-section of the intestine of 
H.diversicolor filled with a 25% solution of barium sulphate in seawater. The 
polychaete body and other soft tissues have been digitally removed leaving 
just the intestine image. These pictures are still shots taken from a rotating 
video clip (DVD. Appendix 3.2.3-9). A & C are lateral and oblique views whilst 
B is a dorsal view. D & E are T/S views at different points  along the intestine. 
The intestinal wall together with its external muscular pattern can easily be 
studied as can the location of segments. Recent work has allowed us to coat 
the polychaete gut with dilute (5%) barium sulphate solution in seawater and 
scan the anaesthetised worm to image gut peristalsis. The images obtained 
are as shown in Figure 152. The video images of this can be seen in the 
DVD. Appendix 3.2.3-10. 
Using more dilute solutions of barium sulphate to coat the intestine, allowing 
time for gut transit and then performing more delayed scans, it is possible to 
coat the intestinal mucosa and image the mucosal patterns of the intestine. 
With improving software, it will soon be possible to improve the resolution 
and obtain true virtual histology of the intestinal wall and mucosa.   
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Figure 151. Micro-CT images of H.diversicolor midgut filled 
with 25% barium sulphate solution and with the body wall 
digitally removed 
 
 
Figure 152. Micro-CT scan of an anaesthetised H.diversicolor 
with gut enhanced with a 5% barium sulphate solution 
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5.2.4.1 ANTERIOR PORTION OF THE INTESTINE 
 
Figure 153. Transverse section through body wall and 
proximal intestine of H.diversicolor. 
 
Figure 153 above is a section through the body wall and proximal intestine of 
H.diversicolor. The gut is filled with gelatin to outline and distend it. Closely 
applied to the intestine are the dorsal and ventral vessels with their 
associated rich plexus of vessels. This is consistent with this section of the 
gut secreting a number of different enzymes including the majority of the 
protease, esterase, and lipase (Mayer et al., 1997) as well as being partly 
absorptive. It has also been suggested that this area has an FMRF-amide in 
the basal epithelium (Baratte et al., 1990) 
The anterior intestine has the thickest walls of the three divisions. This is 
because of the combination of a thick mucus membrane and secretory 
tissues his underlain by a thick layer of muscle. This can be seen in pictures 
A & D of Figure 154. 
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Figure 154. SEMs and histology of anterior Intestine. 
 
In Figure 154; 
 A is a sectional view of the lining mucosa and muscular wall of the 
intestine of H.diversicolor (Mag. x300), showing the overlapping pattern 
of mucosal tissue overlying the muscular layer. 
 D is a longitudinal section of intestinal wall stained with Pasini stain and 
showing the glandular cells (Mag. x200).  
B & C are SEM images of the mucosal lining magnified x4000 and 
x1000 respectively revealing the pentagonal ‘paving stones’ pattern and 
ciliated surface  
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5.2.4.2 MID- INTESTINE 
 
Figure 155. SEM images of H.diversicolor mid-intestine ( Mag: 
A-x2.5K  B-x10K  C-x10.5K) 
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Figure 156. H.diversicolor mid-intestine. ( Mag: A x40 MSB 
stain;  B- X100 MSB; C- x40 Mason stain; D-x10 Mason stain) 
 
The epithelial cells of the lining membrane are shown in the SEMs of Figure 
155. They continue to be of pentagonal shape. These pentagonal cells, 
however, whilst still having central holes, also have hair like protrusions 
emanating from these holes. They are not secretions, sometimes seen 
exuding from the glandular cells and they are much larger than the 
surrounding fibrils. They are possibly trigger cells of some sort, possibly 
relating to intestinal contents and control, especially as they are present in 
the middle and posterior sections of the intestine. Figure 155-B shows the 
fibrillated surface of the cells from a different angle. 
In an attempt to distinguish any special areas of interest, such as, mucus or 
enzyme secreting tissue, the mid gut specimens were stained with Masson’s 
trichrome stain (Figures 156-C & D) or Martius/Scarlet/Blue (MSB -Figures A 
& B). These techniques are as detailed in Appendix 1. 
Figs. A & B, the MSB stain, show the Nuclei-Black, Collagen-Blue, and the 
Fibrin and Muscle-Red. 
Figs. C & D, The Masson’s stain, show the Keratin and Muscle fibres –Red, 
Collagen-Blue/Green, and the Cytoplasm-Pink.  
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Mayer et al. (1997) detected lower secretions of protease, esterase and 
lipase in this section of the intestine when compared with the anterior section, 
but similar secretions of high and low weight amino acids. 
5.2.4.3 THE POSTERIOR INTESTINE AND RECTUM 
 
 
Figure 157. Posterior intestine and rectum H. diversicolor 
 
The overall macroscopic appearance of the posterior section of the intestine 
is difficult to distinguish from the mid-section although it is noticeably thinner 
and more fragile to dissection. It ends at the rectum (Figure 157). Whilst 
Mayer et al. (1997) showed similar but lower enzyme secretions in this area 
there were none found in the rectum. 
The pentagonal cells, forming the ‘paving pattern’ seen on the SEMs of the 
previous sections of the intestine, are the same in the posterior section. 
Figure 158-A is an SEM of the posterior intestine (x3,500) taken from a 
degenerating specimen of gut during the spawning season. It shows masses 
of degenerating cells surrounding an empty hole. Could this hole have 
housed a sensory organ? The SEM B (Figure 158) is a normal posterior gut 
with what looks like a parasite embedded in the gut wall. 
Figure 159 shows the thin muscular layer and the thickened mucus secreting 
epithelium.  
Figure 160 shows an empty faecal packing tube, from the posterior gut of a 
large specimen of H.diversicolor, with perhaps some sand granules in the 
distal end. This tube is termed a peritrophic membrane or PTM. The  
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compacted faeces of H.diversicolor (Figure 161) are surrounded by a 
peritrophic membrane (Harley, 1956). These membranes are secreted 
acellular layers that separate ingested material from the gut epithelium in a 
variety of invertebrates. They are composed of chitin microfibers embedded 
in a matrix of mucoprotein (Peters, 1966, Peters, 1992). It has been 
suggested that PTMs protect the gut lining from mechanical abrasion, 
establish functional subdivisions of the gut lumen to facilitate digestion, 
prevent pathogens and nonspecific materials from binding to epithelial cells 
and also serve as an ultra filter to regulate the exchange of nutrients and 
digestive enzymes (Brunet et al., 1994, Peters, 1992). 
 
Figure 158.SEMs of the posterior section of intestine. A-
Degenerate intestine during spawning (x3.5K); B-? Parasite in 
wall of gut (x2.5K)  
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Figure 159.Posterior third of intestine stained with Mason's 
trichrome Mag. x100 
 
 
Figure 160.Mucus 'packing' tube from intestine of 
H.diversicolor 
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Figure 161.Faecal sac from posterior intestine of 
H.diversicolor 
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CHAPTER 6 
 
 
 
NEPHTYS HOMBERGII 
(SAVIGNY 1818) 
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6.1 INTRODUCTION 
The polychaete Nephtys hombergii (Savigny 1818) was chosen as the third 
species to study for the following reasons: 
1.  Firstly, to continue to provide a comparison of a taxon within the same 
clade (Rouse and Fauchald, 1997, Struck et al., 2011). 
2.  Secondly, to add an active carnivorous predator (Clark, 1962a, 
Schubert and Reise, 1986) to this polychaete research triad following 
the deposit and filter feeding, Arenicola marina, and the deposit and 
suspension feeding Hediste diversicolor. 
3.  Thirdly, to investigate the functional anatomy of its feeding and fast 
burrowing techniques.  To compare and contrast these to those of the 
other two polychaetes being studied particularly to any biological or 
anatomical adaptions made. 
4.  Fourthly, to compare the functional anatomy of the axial proboscis of 
this and the other polychaetes, whose evolutionary influences have 
given them significantly different diets and the mechanisms to acquire 
them. 
5.  Fifthly, to try to ascertain why this polychaete is the fastest burrowing 
of all polychaetes (Trevor, 1976, Caron A et al., 1996). The 
Nephtyidae are the fastest burrowing worms some 30 times faster 
than the Nereidae (Trevor, 1978) 
6.2 ECOLOGY 
N. hombergii is a free living, burrowing predator moving through marine 
sediments in search of food (Clark and Clark, 1960). It also falls prey to a 
number of animals including, sea birds, bottom feeding fish and even Hediste 
virens, with which it shares many intertidal environments. 
It has a body length of up to 200 mm with up to 135 setigers and is pinkish to 
flesh coloured in appearance. It exhibits vigorous short-lived bouts of 
movement and is probably the fastest burrowing of any known worm. This  
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attribute is not only advantageous for hunting in its intertidal environment but 
also for escaping predation. It has a unique muscle structure, the 
sarcoplasmic cores of which, are packed with soft calcium phosphate 
granules, first discovered in 1984 (Gibbs and Bryan, 1984). The dry body 
weight of N. hombergii contains five times more calcium and three times 
more phosphorous than non-nephtyid polychaetes. It also has no circular 
muscle layer. However this is not unique to the Nephtyidae. The presence of 
calcium granules in the muscles makes the nephtyid body wall much more 
brittle than in other polychaetes. It is also a factor in this worms ability to 
perform defensive autotomy both when threatened by predation or in 
sediments polluted with heavy metals, which collect in the tail segments and 
can then be discarded (Ambrose, 1984). It is also capable of regenerating 
new segments complete with vasculature, gut and nerve cord (Clark, 1968).  
6.2.1 DISTRIBUTION 
N. hombergii is on of twelve species of Nephtys known from Northern Europe 
(Rainer, 1991b). Its distribution extends from the Baltic, down through the 
North Sea, where it is also present in the bethnic communities, the English 
Channel, Ireland, and into the North Atlantic and down to Spain, Portugal and 
the Mediterranean. In Southampton water the distribution of the worm was 
found to be related to the silt and copper level in the sediment (Oyenekan, 
1986). He found that the greatest densities of N. hombergii were found in 
sediment containing 60% to 100% silt and were only found sporadically in 
areas of high copper contamination. 
6.2.2 LIFESPAN 
Nephtyidae are a relatively long-living species in which age can be 
ascertained from the structure of the teeth, which display annual growth lines 
(Kirkegaard, 1970, Olive, 1977). Life spans arte estimated to vary from five 
years (Olive, 1977) to seven years (Rainer, 1991a). 
6.2.3 FOOD AND THE PREDATORY NATURE OF NEPHTYS 
HOMBERGII. 
N. hombergii  has been documented as a carnivore since the early 20
th 
century (Blegvad, 1914). This was further supported by Clark (1962a).  
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Fifteen years later it was suggested that this polychaete fed to a considerable 
extent on microalgae (Warwick et al., 1979). This was indirectly suggested by 
a study which found N. hombergii to be an abundant colonizer in burrow pits 
apparently devoid of any other macrofauna (McGrorty and Reading, 1984). 
Schubert and Reise (1986) conclusively showed with enclosure experiments 
and gut content analysis that this polychaete deprived crabs, fish and birds of 
a substantial amount of their polychaete prey whilst also being the prey itself 
of these same animals. Subsequent research has confirmed that N. 
hombergii is an intermediate predator in the food chain of tidal flats. 
Subsequent research has confirmed this (Oyenekan, 1986, Desroy et al., 
1998, Desroy and Retiere, 2003, Arndt and Schiedek, 1997). 
6.2.4 MOVEMENTS 
 6.2.4.1 CRAWLING - N. hombergii is unable to crawl or ambulate merely 
by parapodia alone (Mettam, 1967, Clark and Clark, 1960). This is felt to be 
due to the fact that the extrinsic parapodial muscles are not well suited to this 
task and the acicular muscles are not provided with sufficient rigidity from 
their insertions into the parapodial wall, unless the body executes undulatory 
movements. When these movements do take place in N. hombergii they are 
very rapid and forceful, producing rapid forward movement.  
6.2.4.2 SWIMMING – A video of N. hombergii swimming is shown in the 
DVD. Appendix 3.2.4 -1 & 21). Figure162 is a still photo from the video clip, 
illustrating the vigorous, rapid and tight undulations of the body wall, with the 
exception of the anterior forty or so body segments, which are held relatively 
straight. These rapid undulations of the body wall muscles are short-lived and 
require a high-energy output. The faster N. hombergii swims the more the 
amplitude of the waves in the undulatory movements increase and the 
wavelength reduces. This would increase the efficiency of the parapodial 
paddles, especially on the apices of the waves. It is a more efficient swimmer 
than H.diversicolor, having larger oblique muscles and faster high energy 
muscle fibres (Arndt and Schiedek, 1997). 
 Clark & Clark (1960) demonstrated that, contrary to earlier suggestions 
(Gray, 1939), the parapodia were unnecessary for forward swimming The 
active backward deflection of the parapodia of Nephtys occurs as each of its  
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segments reaches the crest of the wave of lateral undulation. Clark & Clark 
also pointed out that this localized power stroke was more efficient than that 
of Hediste, which starts on the leading edge of the wave and continues over 
the crest. 
 
Figure 162. Nephtys hombergii swimming 
 
6.2.2.4 BURROWING  
A video of Nephtys diversicolor burrowing in sand is viewable in the DVD. 
Appendix 3.2.4- 2, 3 & 20).  
Foraging for prey and for escape is a raison d’être for burrowing for N. 
hombergii. It is able to swim and enter the sand rapidly and equally exit 
rapidly backwards if it finds a potential predator. This is illustrated in the DVD. 
Appendix 3.2.4- 21, when N. hombergii enters the sand after swimming and 
finds itself burrowing adjacent to a large Hediste, which it disturbs. 
Nephtys differs from Hediste and Arenicola in that it has no permanent or 
semi-permanent burrow. It has a powerful muscular body with a chisel 
shaped head and an explosive proboscis extrusion. All of these factors make 
for the potentially perfect burrowing machine. This design appears to have 
been copied by industry when designing trenchless pipe laying machines! 
This fact that will be discussed later and is shown in the DVD.Appendix 3.2.4-
19.  
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 Burrowing speeds and distance covered inside sediment by Nephtys caeca 
were investigated by Caron and her co-workers who found that burrowing 
speed and distance travelled in the top 10 cm. of sediment (surface 
sediment) varied with sea water temperature (Caron A et al., 1996). They 
concluded that daily minimal distance increased whilst maximal distance 
decreased with a reduction in seawater temperature. 
The Nephtyidae are the fastest burrowing worms, some 30 times faster than 
the next fastest, the Nereidae (Trevor, 1978). 
Since the original preliminary description of the burrowing process of Nephtys 
by Clark & Clark (1960), it was not until much later, that further research, 
advanced the details of the burrowing process and simultaneously measured 
intra-coelomic pressures and energy expenditure associated with this (Trevor, 
1976 & 1978)(Trevor, 1976, Trevor, 1978). 
Arndt and Schiedek (1997) explained how N. hombergii maintained high 
energy levels, even under stressful environmental conditions, by using 
anaerobic pathways (Arndt and Schiedek, 1997). Despite all of these 
investigations, no one has yet explained why N. hombergii has been able to 
develop such an explosive and powerful proboscis eversion, which is so 
important to its rapid burrowing technique. Trevor (1978) measured proboscis 
thrust power and correlated this with the energy needed and the theoretical 
coelomic pressure required. He came up with the conclusion that the 
calculated pressure was rather higher than the maximum pressure recorded 
during burrowing. This suggested that another factor might have been at 
work, or possibly was related to aspects of the equipment being used. This 
thesis will suggest that this extra proboscis power comes from the body wall 
musculature and an especially important and specific muscle, termed here 
the Ventral Coelomic Muscle (VCM). The functional anatomy and anatomical 
importance of this muscle will be discussed later in the functional anatomy of 
the proboscis.   
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Figure 163. Early stage of N. hombergii burrowing in sand 
6.3 OBSERVATIONS ON THE MECHANISM OF 
BURROWING 
 
The only definitive and detailed description of Nephtys burrowing has used 
Nephtys cirrosa as an experimental model (Trevor, 1976). This work’s 
experiments and observations, including measurements of coelomic pressure, 
are broadly in agreement with Trevor’s (1976). However research presented 
here challenges the paradigm of ‘coelomic pressure’ being the primary 
driving force of proboscis eversion (Clark and Clark, 1960, Dales, 1962, 
Mettam, 1967, Trevor, 1976) and suggests instead that the primary driver of 
the explosive force behind Nephtys proboscis eversion is muscular. 
This work’s observations of over 100 of these polychaetes show that the 
burrowing process is divided into four phases;  
1.  Phase one – surface movement and pre-probing. 
2.  Phase two - the ‘probing and entry phase’. 
3.  Phase three - the ‘digging period’ or the phase described by Trevor 
(1976) lasting from the beginning of burial until the tip of the tail 
disappears beneath the sediment. 
4.  Phase four – deeper phasic burrowing.  
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6.3.1 PHASE 1 -SURFACE MOVEMENT AND PRE-
PROBING. 
It is also important to note is that whilst swimming and moving around, above 
or on the surface, of the sediment, the swimming movements of Nephtys are 
rapid and vigorous but do not involve the anterior forty or so body segments, 
which remain relatively passive and straight (Figure 164-1). This is the area 
of the anterior coelom. The swimming undulations begin behind the insertion 
point of the Ventral Coelomic Muscle (VCM). This muscle together with the 
pharynx, from which it originates, would appear to stabilise the anterior 
coelom against the vigorous body movements. This anterior section of body 
is formed into a rigid section rather like a spear, that the worm can use to 
drive into the sand (Figure 164-2&3). Once the anterior segments of Nephtys 
have penetrated the sediment, all body movements suddenly cease behind 
the anterior coelom and the whole body becomes straight and rod-like 
(Figure 164-4). The posterior body is then passively pulled into the sediment 
by the function of the anterior segments only. This is shown in the DVD- 
Video Appendix 3.2.4-20.  
This suggests that the ‘engine room’ for the burrowing process lies totally 
within the region of the anterior coelom. The whole body, behind the anterior 
coelom, is thus drawn actively forwards by the longitudinal muscles once this 
anterior section has anchored and stabilised itself within the sediment burrow. 
 
 
Figure 164. Nephtys hombergii on the surface and burrowing. 
( DVD Appendix 3.2.4.20) 
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6.3.2 PHASE 2 –PROBING AND ENTRY   
This is best illustrated in Figure 166, which are stills taken from the full video 
clip; DVD- Video Appendix 4; Chapter 6. Numbers 2. 
 
Figure 165. The ‘chisel’ prostomium of N.hombergii. SEM 
(x80 Mag) 
 
The wedge shaped head of N. hombergii, together its chisel-like anterior 
extremity (Figure 165), makes this polychaete the perfect burrowing machine. 
Figure 166 shows this burrowing sequence starting from a position lying on 
the sand. At the start of burrowing, whilst probing the sediment, the worm 
sweeps its chisel-like head, side to side, several times. This action is followed 
by a single eversion of its proboscis illustrated in Figure 166-1 to 3. During 
this last action, the body behind segments 54-50 lifts off the sediment (Figure 
166-3)  
The next series of three sweeps of the head (Figure 166- 4 & 5) is followed 
by an explosive proboscis eversion, downwards into the sand (Figure 166-6). 
This is shown in more detail in Figure 167. The action is repeated several 
times, depending on the density of the sediment, before sufficient depth of  
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penetration is achieved to allow the anterior parapodia and the enlarged 
anterior body segments, to gain purchase, and push forwards into the cavity 
produced by the proboscis (Figure 166- 7 to 12). This usually means that at 
least the first 10 segments need to be anchored in the sediment. 
The polychaete may also start this part of the burrowing phase whilst 
swimming. When doing so, it approaches the sand obliquely and drives its 
head downwards without probing the sediment. This is shown in the DVD. 
Appendix 3.2.4-21. 
Another Stage 1 entry method has been described involving rapid undulatory 
swimming movements, whilst the worm is lying on the sediment. This leads 
to sand being swept over the dorsal surface of the worm (Clark and Clark, 
1960). Throughout this study, this method was witnessed only with Hediste 
and never with Nephtys (DVD. Appendix 3.2.3- 2).  
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Figure 166. Phase 1 burrowing of N. hombergii
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Figure 167. The first proboscis eversion when burrowing into 
sandy surface 
6.3.3 PHASE 3 – THE DIGGING PHASE   
Once the anterior segments have gained an anchor in the sediment, the worm 
drives its head further into the sand either with a straight drive into soft sediments 
or a side-to-side movement, where the substrate is firmer. The anterior 15 
segments then dilate, especially dorso-ventrally, as the pharynx is rapidly and 
forcibly driven forwards, together with some coelomic fluid, into the buccal tube 
which then starts to invert. This in turn, allows an explosive eversion of the 
proboscis into the sand ahead, causing cavitation of the sediment or sand ahead 
and into the worm moves  into the loosened substrate. The force of the 
movement of the pharynx into the buccal tube, which contains coelomic fluid, 
behaves like an ‘hydraulic piston’ adding to the power of the proboscis eversion. 
This is yet another fluid-cum-muscle effector system of an invertebrate 
(Chapman, 1958).   
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 In the deeper sediments, where the weight of the sediment components press 
down more firmly, Nephtys is able to drive its anterior body segments straight 
forwards into the cavity ahead. If the body anchorage, in softer surrounds, does 
not allow such good body fixation to fire its proboscis into the sediments ahead, 
then the worm wriggles forward using its powerful body and parapodia to 
advance its chisel-shaped head. Once the anterior segments are established in 
the sediment, it pulls its posterior segments forwards, using the contraction of its 
longitudinal muscles. It then continues to rapidly and continuously repeat this 
process, some 12-15 times, until it is completely covered in its new burrow, 
before resting and apparently exhausted. 
As can be seen from the DVD. Appendix 3.2.4-2 & 3, the initial digging cycles 
take place rapidly every 1-3 seconds with a partial proboscis eversion, not 
exposing the full pharynx. The next cycles slow down but these are associated 
with the continuous and full eversion of the proboscis and larger anterior 
cavitation, until the worm is completely buried and moves onto Type 3; deeper 
phasic burrowing. 
Figure 169 shows representative ‘stills’ taken from the video; DVD. Appendix 
3.2.4-2. These show a single full proboscis extrusion cycle in the burrowing 
process. 
It starts (Figure 169-1) with the worm crawling into the cavity produced in the 
previous cycle, followed by the protrusion of the buccal cavity filled with coelomic 
fluid (Figure 169-2 & 3). This is rapidly followed by the appearance of the pharynx 
in the buccal tube (Figure 169-4) and then being fully visible when the proboscis 
is fully everted (Figure 169-5). 
 It should be noted that the head is displaced maximally upwards and backwards, 
at this point, when the pharynx is fully protruded into the buccal tube. This is 
illustrated in the unburied worm in Figure 168-A.  
The picture of the buried worm, with proboscis extruded (Figure 168- A & B), 
show that when the proboscis is extruded in the axis of movement of the worm, 
the head is pushed upwards and backwards.  
Having produced a cavity with its proboscis, the latter is now rapidly withdrawn. 
As the pharynx is moved rapidly backwards, the volume and pressure in the 
anterior coelom, anterior to the pharynx, is reduced, and as a consequence, its 
circumference reduces. This, in turn, releases the ‘anchor’ of the anterior ten to  
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fifteen segments in the sediment. These segments now only house the empty 
buccal tube and a small volume of coelomic fluid under low resting pressure. 
 The segments from fifteen to forty dilate, as the pharynx is pulled back to its 
normal resting position. Acting as an expanding rawlplug (Rawlings, 1939), these 
dilated body segments form a sediment anchor for the polychaete. This in turn 
produces a stable platform for the more anterior segments, to move forwards into 
the newly made cavity ahead. This ‘central’ segmental anchor, so produced, was 
termed a ‘penetration anchor’ by Trueman (1975a) as it is also used to draw the 
tail forwards. 
Once these anterior segments are buried and wedged into the new space 
created, all the segments behind them are drawn forwards, and a new cycle of 
burrowing begins.  
 
 
Figure 168. N. hombergii: A-Proboscis fully extruded; B-
Proboscis extruded during burrowing 
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Figure 169. Pictures of a single proboscis cycle of N. hombergii 
burrowing 
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6.3.4 PHASE 4- DEEPER PHASIC BURROWING   
In this phase the mechanism of burrowing is as described in the latter stages of 
stage 2. There is full proboscis eversion, but in a much more phasic, slower and 
somehow more purposeful way (DVD. Appendix 3.2.4- 3). 
The initial and purposeful high rate of burrowing, either to ‘fight or flee’, in 
Nephtys soon slows because of the high rate of energy expenditure (Trevor, 
1978) and especially during periods of environmental stress (Arndt and Schiedek, 
1997). Trevor (1978), by attaching a movement transducer to the worm, found 
that the fall-off in progression of the worm, after initial burial, was due to a 
decrease in the digging cycle frequency, rather than a decrease in the distance 
burrowed per cycle. This fact was confirmed by our direct observations and video 
evidence. 
6.3.5 BURROWING IN MARINE ENVIRONMENTS    
In addition to the burrowing techniques of N. hombergii, the nature and 
mechanical properties of its burrowing environment must be taken into 
consideration. It seems able to successfully burrow within a multitude of different 
terrains; from sand to sediment to mud and even to sulphide contaminated low 
oxygen environments some of which behave like elastic solids (Johnson et al., 
2002). 
6.3.5.1 THIXOTROPHY 
 It was thought that in some circumstances, burrowing polychaetes make use of a 
physical change in the sand or sediment called ‘thixotrophy’. This was first 
suggested in relation to the ability of Arenicola to burrow into firm sand with its 
rather weak ‘low pressure’ proboscis eversion (Chapman and Newell, 1947). 
Wells (1948) however totally disagreed with this theory as far as Arenicola was 
concerned, stating that the lugworm behaved more like a “digging rabbit” which 
snatches and shovels the sand away . 
Thixotrophy was originally used to describe an isothermal reversible sol-gel 
transformation (Freundlich and Juliusburger, 1935), but subsequently has been 
used to cover a number of situations which are characterized by a reduction of 
resistance to increased rate of shear. Thus when Nephtys starts to burrow in 
sand (Figure166-1), it holds its head against the sand and sets this into vibration  
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by lateral waves of its head and anterior segments. Because of its thixotrophic 
properties, the sand becomes semi-fluid, permitting the entry of the head. 
Burrowing continues at speed now using its powerful proboscis eversion with the 
same effect. Whether this is the case for other sediments, such as mud and clay 
sediments, remains to be proven. 
This suggested response of marine sediments remained the only explanation, as 
to how polychaetes burrowed using relatively low-pressure forces to advance 
burrowing, until a mechanically efficient, previously unexpected mechanism 
termed ‘crack propagation’ was described by Dorgan et al.(2005).  
6.3.5.2 CRACK PROPAGATION 
Crack propagation is a mechanism, by which, an alternating anchor system of 
burrowing serves as a wedge, to extend the crack-shaped burrow. This means 
that the force required to propagate cracks through sediment, in this way, is 
relatively small. 
The mechanism of ‘crack propagation’ was described as an extrapolation of 
previously described ‘bubble growth’ in sediments (Johnson et al., 2002, 
Boudreau et al., 2005). They illustrated this research with a burrowing Hediste 
virens and showed that the force exerted, by this polychaete, in making and 
moving in such a burrow, amounted to less than one-tenth of the force it needed 
to use against rigid aquarium walls (Hunter and Elder, 1989). Further follow up 
research starts to raise questions about the high-energy cost of burrowing and 
emphasises the need for a better understanding of sediment mechanics (Dorgan 
et al., 2007).  
Taking these new concepts into consideration, the head and body shape, 
together with its rigidity, makes N. hombergii even more suited for this type of 
efficient burrowing. 
6.3.6 THE MECHANICAL BURROWER (BIOMIMETICS) 
Trenchless technology is a rapidly growing type of subsurface construction work 
used in the construction and civil engineering industries. The development of 
small burrowing machines that could make tunnels started in Poland in the 1950s 
and in Germany in the 1960s. Modern equipment design started in the early 
1990s with no apparent knowledge of Nephtys burrowing techniques or ‘crack  
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propagation’ research. It is interesting to compare what industry has designed for 
burrowing and compare this with nature’s longer-term design and development.  
Figure 170 shows a modern earth-piercing tool called a ‘Grundomat’ made by TT 
Technologies in Germany (http://www.tracto-technik.com). 
It functions in a way that is remarkably similar to Nephtys burrowing. 
 
Figure 170. The ‘Grundomat’ piercing tool or mechanical worm 
 
Compressed air repeatedly propels the piston (pharynx) against the rear of the 
sprung chisel head assembly (c.f. buccal tube full of coelomic fluid). This method 
is termed a Twin Stroke system; on the first stroke the piston impacts on the 
rear of the chisel head assembly to destroy any objects in its way. This piston 
stroke (B) first compresses the pre-tensioned steel spring, which forces the chisel 
head assembly forward independently of the main casing (body) to provide a pilot 
bore. On the second stroke the casing is moved forward and pulled forwards 
into the borehole  
The equivalent mechanics in Nephtys becomes even closer in similarity when we 
discuss our new findings relating to the muscular propulsion of the Nephtys 
pharynx later in this chapter. 
6.4 THE UNIQUE MUSCLES AND MUSCULATURE 
OF N. HOMBERGII 
 
Figure 171. N. hombergii  
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To anyone looking at the polychaete Nephtys, as seen in Figure 171, the image 
is that of a sleek, muscular, powerful and beautifully adapted burrowing machine. 
To experience one moving in one’s hand only serves to reinforce this impression. 
The muscular body wall is very firm to the touch, and obviously much less 
compressible than that of Hediste (Mettam, 1967). Its powerful wriggling 
movements are extremely difficult to restrain. Even more unusual is the fact that 
if the wriggling movements become too violent the body wall begins to fracture 
(Figure 172). 
 
 
Figure 172. Multiple fractures in body wall of Nephtys 
 
This maybe an unusual form of escape autotomy but in more than twenty 
observed occasions, when this has occurred during this work,, it was never seen 
it occur anterior to the segments 40-45, i.e., the anterior coelom. The implications 
of this will be discussed  in Section 6.4.3, together with a theory to explain the 
unique, powerful and explosive nature of proboscis eversion in this polychaete.  
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6.4.1 THE UNIQUE MORPHOLOGY OF THE MUSCLES 
OF NEPHTYS 
The musculature of the Nephtyidae has been extensively studied. In this respect 
they are possibly one of the most investigated families in Phylum Annelida. The 
original research and investigation into Nephtys muscle was commenced by 
Emery (1886). He examined the development of the Nephtys muscle cell and 
recognized that the muscle fibres had a granular axis, which he described as 
‘assile granulosa’. It was also noted at this time, by several authors, that the chief 
peculiarity of the Nephtys musculature was that it had no circular body-wall 
muscles (Ehlers, 1868, Emery, 1887, Schack, 1886). 
 Since this time many studies have looked at the body wall muscles and 
ligaments and extrapolated their functions into swimming, crawling and burrowing 
(Clark and Clark, 1960, Mettam, 1967, Trevor, 1976). The muscle healing of 
Nephtys together with the segmental regeneration that takes place over three 
weeks following amputation, has been researched and fully described (Clark and 
Clark, 1962, Clark, 1968). 
Despite all of this extensive Nephtys muscle research, it was not until 1984 that 
Emery’s ‘assile granulosa’ re-emerged into the scientific light, when it was 
discovered that the sarcoplasmic core of the oblique striated muscle cells of 
Nephtys were packed with calcium phosphate granules (Gibbs and Bryan, 1984). 
This is illustrated in Figure 173, which shows a T/S section of Nephtys body wall 
musculature in which thousands of white calcium phosphate granules can be 
seen. 
 No comparable accumulation of calcium phosphate in muscle cells is known in 
the animal kingdom. A more detailed analysis was published in 1986 (Bryan and 
Gibbs, 1986). They found that the highest concentration of Ca and P in the 
Nephtys body were in the anterior two fifths (Segments 0-37), followed by the 
next highest concentration in the tail (segments 104-141). This certainly fits in 
with the progressive ease with which the body wall fractures, behind the anterior 
coelom and thus in those regions of the worm unsupported by the pharynx and 
VCM. The brittleness of the Nephtys tissues increases with increasing 
concentrations of calcium phosphate granules.  
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The origins of these ‘muscle granules’ still remain to be explained. Bryan and 
Gibbs thought that their origins might be from progressive mitochondrial 
accumulation in developing muscles, which ultimately ruptures the mitochondrial 
structures. Their conclusions were that the granular packing of the Nephtys 
muscles provides a flexible framework that facilitates the vigorous burrowing of 
these worms. 
 
 
Figure 173. SEM of section across body wall muscle fibres of N. 
hombergii, showing fibres packed with calcium phosphate 
granules. Mag. x 3000 
 
The profusion of calcium phosphate granules in the body wall muscle fibres is 
shown in figure 173. As can be imagined, with the contraction of these muscle 
fibres, a considerable degree of rigidity would be imparted to the muscle 
themselves. One imagines a ‘bean bag’ principal; where once the muscle fibres 
contract, the granules in the muscle fibres are squeezed together and 
subsequently form a much more rigid muscle unit, than one would otherwise 
expect, from normal contracted striated muscle fibres.  
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Semi-thin sections of ventral coelomic muscle (VCM), which had been taken both 
from relaxed worms and those fixed with proboscis extruded, therefore with the 
VCM contracted, were examined.  
Figure 174 shows a representative comparison of the muscle fibres of the VCM 
in a relaxed state (A) and a when contracted (B). These are longitudinal sections. 
In the contracted muscle (B), it is easy to see just how compressed the calcium 
phosphate granules appear, sandwiched as they are, in the matrix of muscle 
fibres. More illustrations of this histology can be seen in the DVD.Appendix 3.1.5-
173-180. 
It can be imagined from the pictures of the contracted muscle fibres, how the 
compacted calcium phosphate granules confer a degree of rigidity upon the 
compacted muscles fibres. 
Bryan and Gibbs (1986) felt that, because calcium phosphate is three times 
denser than seawater, the granules confer that proportional density increase on 
Nephtys compared with Hediste and they showed that comparing the two species, 
of approximately the same size, Nephtys was heavier than Hediste by a factor of 
2.2 times. They also stated that the anterior end of Nephtys contains the highest 
levels of Ca and P and showed this in a dry weight table based on segmental 
sections. This, however, does not mean that the tissues and muscles contain 
more granules but that there are more granule containing tissues and organs in 
the first 39 segments. These tissues include the heavy pharynx and the Ventral 
Coelomic Muscle (VCM). As will be seen from the Nephtys dried weights in Table 
1, the weight of these two organs is approximately 5% of the whole polychaete 
and approximately 15% of the anterior section. Bryan and Gibbs suggested this 
would be a ‘ballast advantage’. 
Figure 175 is a low power TEM of Nephtys Ventral Coelomic Muscle contracted 
at a magnification x3,500 and Figure176 represents the relaxed state. 
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Figure 174.Longitudinal sections of Nephtys VCM, stained with 
toluidine blue (x200 Mag.)  
(A- Relaxed muscle; B-Contracted muscle) 
  
  224 
Figure 175. TEM of contracted Ventral Coelomic Muscle  
(x3,500 Mag) 
 
 
Figure 176.TEM of relaxed VCM 
 (x3,500 Mag) 
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Table 3. Weights of Nephtys Muscular Tissues 
 
Species  Tissue  Dry Weight (gm) 
 
N. hombergii 
(Portsmouth) 
 
Total Body  
 
 
 
 
1.  1.435  
2.  1.0149 
3.  1.0157 
4.  1.1566 
5.  1.1046 
6.  1.7359 
  Average Weight  1.2437 
   
Pharynx 
 
 
 
 
 
1.  0.0639. 
2.  0.0428 
3.  0.0520 
4.  0.0539 
5.  0.0404 
6.  0.0625 
  Average Weight  0.0526 
 
 
 
 
 
 
 
Ventral Coelomic 
Muscle 
 (VCM) 
 
 
 
1.  0.0140 
2.  0.0126 
3.  0.0095 
4.  0.0200 
5.  0.0091 
6.  0.0158 
  Average Weight  0.0135 
Average weight of Pharynx + VCM = 0.066gm.  % of total body Wt. = 5.3%. 
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This increased weight of the anterior 39 segments would certainly be an 
advantage, as they suggested, when sinking to the bottom head first. The  
relatively heavy pharynx and rapid proboscis eversion technique, it would 
impart higher energy levels to the proboscis when burrowing together with a 
‘weighted proboscis’. 
This unique muscle anatomy imparts its main advantage through the 
enhanced calcium phosphate strengthening of the muscular skeleton. As this 
Thesis will show in the ‘internal muscles section’, the strength and 
muscularity of the pharynx and VCM form an internal skeleton that supports 
and is vital to the functioning and protection of the whole animal. It could 
almost be called an invertebrate spine! It makes an interesting comparison 
to compare the position of the VCM, in relation to the gut, seen on the left of 
Figure 177 to the Magnetic Resonance Image (MRI) scan of a human spine 
on the right, similarly stabilising the anteriorly situated gut and soft tissues 
and are thus in a similar relative position. 
 
Figure 177. An Invertebrate spine? 
 
The enhanced density and muscle power is felt when holding one of these 
worms. This is conveyed by its ‘rigid body feel’ when compressing its body 
manually and comparing it to either Hediste or Arenicola. Mettam also noted 
that Nephtys was less compressible than Hediste (Mettam, 1967).   
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This increased resistance to dorso-ventral compression would also protect it 
from the weight of the sediment above when burrowing, as well as increasing 
its burrowing efficiency by being a more rigid tube-like structure. 
The arrangement of the body wall muscles in Nephtys, its lack of circular 
muscles, and the structure of the muscles concerned, all add up to a more 
rigid bodied animal. On looking at the arrangement of muscles in each of the 
body segments they can be compared to the roof trusses and walls of a 
house when forces resistant to compression are applied (Figs. 178 & 179) 
and would help to account for its rigidity, especially under compression. 
 The large and curved dorsal longitudinal muscle (DLM) is initially 
compressed by a dorsally applied force. The white C (compression) arrows 
show the compression lines. A tension bar across its inverted apices is 
formed, at this level, by the upper attachments of the enhanced oblique 
muscles and in the body segments beyond the anterior coelom, by the 
pseudosepta derived from the oblique muscles (Mettam, 1967). The 
compression forces are carried vertically downwards, resisted by the oblique 
muscles, to the longitudinally stabilising VLM (ventral longitudinal muscles). 
The forces in the vertical components of the muscular walls are further 
supported and stabilised by the tension bars of the attachments of the 
oblique and paired ventral longitudinal muscles. 
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Figure 178. Nephtys T/S section of body wall at segment 30: 
Lines of forces applied to the constituent muscles with a 
vertical compression force 
 
 
Figure 179. Force diagram of the body wall muscles when 
dorsal compressing force is applied. 
  
(DLM-dorsal longitudinal muscle; OB- oblique muscles; VLM- 
ventral longitudinal muscles; VCM- ventral coelomic muscle. 
C-compression; T-Tension)  
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6.5 THE FUNCTIONAL ANATOMY AND 
STRUCTURE OF THE GUT AND MUSCLES OF 
THE ANTERIOR COELOM.  
 
The internal muscular and gut anatomy will be divided into the following 
descriptive sections for ease of description and the functional anatomy: 
1.  The mouth, buccal tube and associated motor muscles (retractor cuff 
muscles). 
2.  The pharynx and its function in digestion. 
3.  The oesophagus 
4.  The ventral coelomic muscle (VCM) and its function in proboscis 
extrusion. 
There appears to be little consistency of nomenclature in the literature of 
polychaete musculature generally and Nephtys in particular. The anatomical 
names chosen for use in this thesis have been chosen on the basis of 
simplicity, logic, function and traditional usage, especially if parallels exist in 
human anatomy. In all anatomical illustrations, it is the anatomy of Nephtys 
hombergii that is being described except where comparisons are being 
drawn with Nephtys caeca and in these circumstances it will be mentioned 
specifically. 
6.5.1 THE MOUTH, BUCCAL TUBE AND ASSOCIATED 
MOTOR MUSCLES 
The head of Nephtys, with its chisel shaped prostomium, antennae and palps, 
which is such an important shape and so well adapted for burrowing, is 
shown in Figure 180. In this view the mouth lies directly below the antennae 
and ventral shelf of the prostomium. 
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Figure 180. SEM of head of Nephtys. Mag.x80 
 
 
Figure 181. A - Nephtys mouth and plates. B - Lateral view 
showing angle of early proboscis eversion 
 
Figure 181-A is a ventral view of the head of N hombergii showing the shape 
of the mouth and plates, together with the side view (B) illustrating the slightly 
ventral axis of the proboscis, which is in the early stages of eversion.  
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Figure 182.Dissection of mouth area from inside; showing the 
radial mouth muscles attached to the proximal buccal tube 
 
The ring of radial mouth muscles (RMM) is situated around the mouth and 
assists the mouth plate muscles (Figure 182) with the initial control of 
movement of the mouth plates and opening of the mouth. The extrusion and 
inversion of the buccal tube, which is the start of proboscis protrusion, dilates 
the mouth further and pushes back the prostomium and head (Figure 183). 
Initial proboscis protrusion: As the pharynx begins to move forwards, the 
Protractor Cuff Muscles (Figure 184) contract, pulling on the anterior 
segments of the body wall around the mouth plates and assisting the short 
mouth muscles to open the mouth. As the pharynx moves forward, it inverts 
the buccal tube, inflating it with the coelomic fluid that lies anterior to the 
advancing pharynx and between the buccal tube and the inside of the 
anterior coelom. The Protractor Cuff Muscles of the pharynx now come to lie 
inside the inverted buccal tube (Figure 186), alongside of the extruded 
pharynx that it now contains. The retractor muscles are now ready to contract 
again. This time contraction assists in the commencement of proboscis 
retraction. These pharyngeal Protractor Cuff Muscles are described as the 
‘motor muscles’ by Dales (1962).  
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Figure 183.A fully everted proboscis 
. 
We felt that the nomenclature and function of the muscles involved in 
proboscis protrusion needed to be further clarified. Anatomically the 
protractor muscles originate as a cuff of six pairs of muscles around the 
proximal pharynx (Figure 184) and extend forwards, around the buccal tube 
to be inserted by fine ligaments into the inside of the peristomium outside of 
the radial mouth muscles (Fig 185). Their function is: 
1.  Initial retraction and stabilisation of the pharynx.  
2.  Assisting the radial mouth muscles in the opening of the mouth. 
3.  Stimulating the process of drawback of the anterior wall muscles. 
Because they encircle the pharynx when it is extruded and are attached 
around its anterior rim and physiological mouth, they have been called the 
‘Protractor Cuff Muscles’.  
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Figure 184.  Nephtys anterior body dissection with the buccal 
tube removed 
 
 
Figure 185. Insertion of pharyngeal retractor cuff muscles 
 
Figure 186 illustrates the relative positions of the pharyngeal retractor cuff 
muscles to the pharynx and their attachments anterior body wall around the  
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mouth when the pharynx has been extruded. The dorsum and sides of the 
buccal tube have been removed although the ventral wall is shown. They are 
now in a position to retract the pharynx back into the body of the polychaete. 
Figure 187 is a critically dried specimen dissection of the muscles around the 
mouth of Nephtys hombergii and magnified x10. It shows the main mouth 
plate muscles inserted at the base of the buccal tube and its associated 
radial mouth muscles. The tendinous insertions of the protractor cuff muscles 
are seen inserted into the anterior body wall of the peristomium close to the 
origins of the mouth plate muscles.  (Further images of this area of anatomy 
can be seen in the DVD. Appendix 3.1.5 -38-41). 
 
 
Figure 186. Dissection of Nephtys extruded proboscis. 
Critical point dried for SEM  
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Figure 187. . Dissection of insertion of buccal tube in body 
wall around mouth (critical point dried specimen) 
 
The hydraulically activated buccal tube of the proboscis in Nephtys would 
seem to fulfil a unique role in its functional anatomy; that of a low pressure 
‘inflatable bag’. Fire Brigades use such inflatable bags or ‘lifting bags’, filled 
with air from a compressor, for lifting vehicles or other heavy objects and 
rescuing crushed or trapped persons in road traffic accidents. These jacking 
systems are very efficient and using relatively low air pressure injection, into 
a strong air bag, are capable of lifting weights of several tons (Figure 188 and 
DVD. Appendix 3.2.4- 18). 
When Nephtys is burrowing, the inverting buccal tube is pushed out of its 
slightly ventrally facing mouth, by being hydraulically inflated, with coelomic 
fluid. The coelomic fluid is pushed ahead of the advancing ‘pharyngeal 
piston’, as it passes through the anterior coelom, into the inverting buccal 
tube. The inflation pressure, assuming that it is the maximum anterior 
coelomic pressure measured at this stage of proboscis extrusion, would be 
about 8 kPa. Maximum pressure exerted by the expanding buccal sac on the 
sediment, would be its surface area X internal pressure. Assuming the buccal  
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tube is 1 cm long with a 0.6 cms base, this would amount to a force of about 
3.5 kilograms! 
This considerable force dilates the expanding buccal tube, ahead of the 
advancing pharynx and into the sediment ahead of the worm, until the 
pharynx is fully extruded. This sequence, of buccal tube dilatation ahead of 
the pharynx, would also protect its physiological mouth and papillae from 
damage in rough terrains, until the cavity in the sediment, into which it can 
move, has been created. 
 
Figure 188. Low pressure air-bag seen here lifting a heavy 
vehicle 
 
SEM images of the buccal tube lining can be seen in the Figure 189. 
1.  Picture A shows the flexible ‘paved’ pattern of the buccal tube lining, at 
a magnification of x 280. As the pharynx passes through the buccal 
tube, this lining tissue will stretch and the closely apposed fibrinous 
cuticular panels will open-out, whilst the tube itself stretches and 
inverts. 
2.  Picture B is a higher power micrograph at a magnification of x 4500. It 
shows a fine network of fibrinous strands and dried mucus on the 
cuticular surface. 
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Figure 189. SEM of the buccal tube cuticular lining 
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6.5.2 THE PHARYNX AND ITS FUNCTION IN 
DIGESTION 
 
Figure 190. Sagittal section of anterior body N. hombergii 
(mouth to mid-pharynx) 
 
 
Figure 191. Sagittal section of anterior body (mid-pharynx to 
anterior intestine)  
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The function of the pharynx in N. hombergii fulfils three main functions; 
1.  Tunnelling with proboscis eversion. 
2.  Prey Capture. Possibly incapacitating its prey by striking it with its 
powerful and fast proboscis. 
3.  Food Processing.  
The pharynx, as has been demonstrated, is a very efficient and powerful 
tunnelling probe but it is also a good ‘food processor’. It plays a number of 
roles during and following the uptake of food: 
1.  It can exert a powerful sucking action on its prey, which together with 
its terminal muscular papillae is particularly useful for food capture, 
especially in the presence of an unarmed proboscis. 
2.  It provides mixing, grinding and compressing chambers for food intake. 
Initial mixing with seawater and mucus takes place in the ovoid 
anterior chamber (Figure193A) with its muscular physiological mouth, 
which also acts as a strong anterior sphincter.  The grinding, of the 
ingested material, takes place on a muscular ridge that separates the 
two chambers, and contains the unique and perfectly opposed jaws. 
The muscles, to which these accurately opposed jaws are attached, 
perform rotating movements and thus confer upon the jaws, a genuine 
chewing action, that is unique among polychaetes (Wolf, 1976). This is 
illustrated in the DVD. Appendix 3.2.4-4&5. We have also noted that 
the pharynx can regurgitate food and pharyngeal contents, and this is 
seen in DVD. Appendix 3.2.4-13. 
The pharynx of Nephtys ciliate has been found to exhibit a high level of 
metabolic activity (Welsch and Storch, 1970) and so it would be a reasonable 
extrapolation to assume that the pharynx of Nephtys hombergii is similar. 
The axial alignment of the buccal tube, pharynx and intestine is perfectly 
straight unlike Hediste where the oesophagus and pharynx is folded. This 
makes for very efficient use of the force and speed of proboscis ejection 
during burrowing and feeding.  
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The pharynx is a two chamber muscular organ, whose appearance is that of 
four muscular tubes joined together within an overall circular shape (Figure 
192). The internal shapes of the compartments differ; the anterior 
compartment is oval with its long axis vertical (Figure 193-A) whilst the 
posterior compartment is a square on its side, or diamond shaped, with the 
corner-to-corner axes vertical and horizontal (Figure 193-B). The jaws are 
inserted into the muscles of the ridge at the front of the posterior chamber 
and mark the junction of the two compartments. They can be seen in Figure 
193 viewed through the anterior chamber in A and the posterior chamber in B.  
 
 
Figure 192. Pharynx of N. hombergii 
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Figure 193. T/S section of Nephtys pharynx. A - Anterior 
compartment; B – Posterior compartment 
 
The pharynx is slightly longer than the buccal tube through which it passes 
during proboscis eversion. Thus, when the proboscis is fully everted, the 
anterior end of the pharynx and physiological mouth together with its 
muscular ring of 22 large muscular terminal papillae, come to lie in front of 
the attachment of the buccal tube. These papillae are arranged in two vertical 
rows of 11 each (Figure 194) and controlled by the muscles of the tip of the 
pharynx including a pair of triangular flat muscles (Figure 192). These special 
muscles have their origins and insertions entirely on the proximal pharynx, 
with one pair being dorsal and the others ventral. These are the ‘dreieckigen 
Muskelplatten’ (triangular muscles) of Ehlers (1868). Their function would 
appear to be related to the control of the terminal papillae. Twenty-two 
nerves arise from the terminal nerve ring at the tip of the pharynx and enter 
the terminal papillae (Clark, 1958). These nerves are supplied from a peri-
oral nerve ring via four pairs of nerves running across the buccal sheath. 
Thus they are long, flexible and potentially vulnerable to injury. The terminal 
papillae themselves are not only under strong muscular control for the 
capture of prey, but they must also have a sensory function both when 
hunting and burrowing. 
The overall shape of the muscular Nephtys pharynx is that of a tubular 
structure with four semi-circular outer walls Figures 186,192 & 204), and an 
ovoid anterior and rectangular posterior chamber with its apices vertical and 
horizontal (Figures 207 & 210). The inner four muscle quadrants are each  
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divided into two separate muscle groups containing Middle Pharyngeal 
Muscle (MPM) and Inner Pharyngeal Muscle (IPM) fibres. They are all 
enclosed in an Outer Pharyngeal Muscular (OPM) sheet. Figures 207-A & 
208 illustrate how each muscle quadrant is hinged to its adjacent quadrant by 
a relatively thin but obviously flexible tissue hinge. 
 
 
 
Figure 194. SEM of pharyngeal mouth (physiological mouth) 
of N. hombergii showing rings of terminal papillae and 
horizontal lips of the entrance to the anterior chamber. (x100 
Mag) 
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6.5.2.1 THE CHAMBERS OF NEPHTYS PHARYNX 
 
Figure 195.Sagittal section through the pharynx and adjacent 
body of N. hombergii with partial reconstruction of posterior 
chamber muscles in colour.  
 (APC-anterior pharyngeal chamber; ASM- anterior sphincter muscle; 
IPM-inner pharyngeal muscle; OPM-outer pharyngeal muscle; PPC-
posterior pharyngeal chamber; PSM-posterior sphincter muscle; SSM- 
sphincteric strap muscle.) 
 
.6.5.2.1.1 THE ANTERIOR CHAMBER 
 This chamber is ovoid in shape and about a sixth of the size of the posterior 
chamber. This is shown in the micro-CT reconstructed cross-sections of 
Figure 197, (sections a-c). Section-a shows the inner lips of the pharyngeal 
mouth surrounded by the halo of papillae, whist section-b is in the anterior 
one-third. Section c is the T/S view, just at the anterior insertions of the jaws 
and the entrance to the posterior chamber. In the reconstructed sagittal 
section (Figure 195) the jaws are shown in red and labelled T. The anterior 
chamber acts as the reception chamber for ingested material, which can be 
easily regurgitated, if necessary. Its muscular walls initially crush the ingested 
materials at the start if the ingestion process. Figure 196 is a reconstructed 
micro-CT cross-section showing the arrangement of the pharyngeal muscles 
inside the body wall muscles (DLM, OM, and VLM). It reveals how closely the 
outer pharyngeal walls (OPM + TM) are applied to the internal body wall 
(DLM, OM and VLM) and how narrow the coelomic cavity appears to be at  
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this level. This close fit of the pharynx to the inside walls of the anterior 
coelom is important, when considering the ‘piston’ actions of the pharynx 
during proboscis eversion. The muscle layers are easily distinguishable with 
this technology and are clarified more easily than the muscles present in the 
dissection as shown in Figure 193-A, which is a similar section. 
 
 
Figure 196. Micro-CT reconstruction of a transverse section 
through Nephtys body at level of middle of anterior 
pharyngeal chamber. 
 (APC- Anterior pharyngeal chamber; DLM- dorsal longitudinal muscle; 
INPM- inner parapodial muscle; MPMF- middle pharyngeal muscle 
fibres; OPM- outer pharyngeal muscle; OM- oblique muscle; PL- 
pharyngeal lining; TM- triangular muscle; VLM- ventral longitudinal 
muscle). 245 
Figure 197. Micro-CT sections and equivalent anatomical sections of pharynx of N. hombergii; showing the varying muscle 
shapes and the T/S anatomy of the pharyngeal wall throughout its length. 
a/1–Terminal papillae at entrance to pharynx; b/2–Mid. Section of anterior chamber; c/3–Junction of anterior and posterior chambers; d-
e/4–Mid. Posterior chamber; 5–Posterior chamber closed in ‘compression’ during food processing; f-g-h/6–Posterior chamber showing 
the differential muscle patterns in the CT images compared with the undifferentiated muscle of the dissections; h/7–Looking distally into 
the posterior pharyngeal sphincter and oesophagus.  246 
Figure 197 illustrates a detailed series of micro-CT derived transverse 
sections, passing distally through the pharynx of N. hombergii which when 
played in video form produce a ‘fly through’ experience, as shown in the DVD. 
Appendix 3. 2.1-3. This figure also shows the difference in muscle 
differentiation between the micro-CT images and those of the micro-
dissections, which have also been sectioned transversely. The key 
associated with Figure 197 details the equivalent sections. The muscles 
shown in the micro-CT images illustrate the much more detailed muscle 
patterns when compared with the rather amorphous muscle blocks seen in 
the dissections. This is best shown in the middle sections of the posterior 
chamber; Figure 197; sections d - g of the micro-CT row and Figure 197 
numbers 3 - 6 of the dissections. The dissections show the muscle blocks of 
the pharyngeal wall but the reconstructed micro-CT cross-sections detail how 
each quadrant of these muscle blocks is constructed. This is achieved as a 
combination of the layer reconstructions and the better definition achieved. 
 
6.5.2.1.2 THE JAWS 
 The jaws lie at the entrance to the posterior chamber (Figures 198,199 & 
200) and  are unique amongst polychaetes; they are perfectly opposed and 
can masticate food without being truly hinged. They exhibit a side-to-side 
‘grinding’ movement seen in DVD. Appendix 3.2.4- 4 & 5. Nephtyidae are 
unique, in that they are the only family of polychaetes that can actually chew 
their food. This observation was first detailed by Wolf (1976). In addition to 
this function of mastication, the jaws have a retaining role as a barrier for 
ingested food and material in both the anterior and the posterior chambers.  
The muscular wall of the pharynx is inserted into the cone shaped jaws and 
their movements are of a circular grinding motion. The jaws are composed 
mainly of sclerotised proteins (Jeuniaux, 1975) with the predominant 
inorganic component being copper (Bryan and Gibbs, 1979). Their growth in 
N. hombergii proceeds as a series of overlapping lamellae, each one forming 
inside existing lamellae (Olive, 1977). 
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Different views and aspects of the jaws are shown in Fig 199: 
 A; is a jaw in situ, the pharyngeal musculature is firmly anchored into the 
conical insertion area of the jaw shown in B.  
B; is a micro-CT image, with the tissues of the pharynx digitally subtracted, 
showing only the dense jaws and a larger piece of ingested material lying in 
the posterior compartment below the jaws.  
C; is another magnified micro-CT image, this time with the dorsal half of the 
pharynx removed digitally, and is taken in the coronal plane. It shows the 
triangular shape of the teeth and their opposing tips in the middle of the 
picture. 
 
 
Figure 198. Entrance to the posterior chamber of Nephtys 
guarded by the opposing jaws.  
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Figure 199. The jaws of N. hombergii shown using different 
imaging techniques  
 
Key to Figure 199; A- Magnified image of physical dissection; B-micro-CT 
with surrounding tissues digitally removed; C- micro CT, coronal section with 
upper half of pharynx digitally removed.  
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6.1.5.1.3 THE POSTERIOR CHAMBER 
Figure 200. Degree of muscular contraction in the posterior 
chamber of the pharynx of N. hombergii;  A- shows it open 
and B shows it closed  
 
The pharynx, because of its unique muscular structure, combined with the 
unusual combinations and directions of its muscle fibres, has a special ability 
to contract without shortening in length and whist maintaining its diameter 
within the anterior coelom body shell. This type of contraction can be seen in 
the DVD. Appendix 3.2.4-7. The posterior chamber has the ability to seal 
itself with closure of the anterior and posterior sphincter muscles augmented 
by walls of the anterior chamber. 
This is a large processing chamber for ingested material, with an ability to 
completely close itself, and crush whatever is inside. 
Pressure monitoring of the posterior compartment during  pharyngeal 
contraction, both in situ using an epidural catheter (Figures 34,35 & 38) and 
in isolated pharyngeal preparations (Figure 201) revealed pressures 
consistently between (10-12 kPa). These are in excess of those generated in 
the coelom cavity by body wall contractions (4-8 kPa).  
Several authors have noted, that on their examination of the intestinal tracts 
of many different species of Nephtys for feeding debris, they have found 
empty digestive tracts. Hunt found that out of 50 specimens of Nephtyidae, 
from 8 locations only 3 specimens contained remnants of food (Hunt, 1925). 
He linked this with carnivorous feeding and rapid digestion. Similarly Clark  
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found only 36% of individuals had food components in their digestive tracts 
(Clark, 1962a).  
 
Figure 201. Intrapharyngeal pressure monitoring of isolated 
Nephtys pharynx. 
 
The powerful pharynx of Nephtys can be compared to a modern ‘car 
crusher’; where initially, the external walls open to receive the material to be 
crushed, and then hydraulically close obliterating the cavity and crushing the 
contents (Figure 202).  
 
Figure 202. Hydraulic car and metal crusher  
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Figure 203. Suggested function and action of Nephtys 
pharynx in food processing 
 
This Thesis work would suggest that the reduced quantities of food debris 
found in the relatively short intestine in Nephtys is due to the fact that most of 
the ingested food material is crushed in the posterior chamber allowing the 
easily digestible remains to flow into the intestine for rapid absorption. The 
indigestible material is either regurgitated (DVD. Appendix-3.2.4-13) or 
rapidly passed down the short gut. Gut transit time seems to be enhanced by 
forward movement of the pharynx. As the pharynx moves forward, the short 
muscles of the oesophageal sphincter are pulled open (Figure 204 and 
DVD.Appendix 3.2.4- 7).  
The combination of the pharyngeal chamber rapidly and completely closing 
and the oesophageal sphincter being stretched open, causes a pressure 
wave and fluid bolus to be sent down the intestine and larger items of 
ingested debris to be swept along and possibly out of the anus. Again, in this 
process, only the rapidly absorbed fluid nutrients would be protected. Thus 
the animal quickly absorbs the highest quality digestible products from all 
ingested material and rapidly eliminates the residua. 
This pharyngeal muscle contraction and posterior compartment closure is 
illustrated in Figure 203 and an animated version is in DVD. Appendix 3.2.4-9.   
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Figure 204. As pharynx moves forward the oesophageal 
sphincter muscles are stretched open 
 
 
Figure 205. SEM of the anterior two thirds of a Nephtys 
pharynx 
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Figure 205 above, illustrates the size and thickness of the muscles of the 
Nephtys pharyngeal wall. It is not just the size and the quality of these 
pharyngeal muscles but their special positioning and alignments and that of 
their fibres, that together make this, such a powerful muscular organ. As we 
have shown it is capable of producing pressures that are almost double the 
general coelomic pressures produced by similar muscles in the body wall. 
Simple anatomical micro-dissection of the muscles gives a rather 
homogeneous appearance of the main body wall musculature as can be 
seen in Figure 206-A. The walls of the posterior chamber can be seen to be 
thick and well muscled but no muscle fibre orientation is visible. The posterior 
chamber only shows a thick wall of muscle, with no special discernible 
muscle fibres, surrounding it. This muscle extends over the posterior part of 
the anterior chamber, there to meet the more bulbous muscles at the front of 
the anterior chamber. The cuticular lining can be clearly seen together with 
the hyper-pigmented lining between the main muscle blocks. 
Figure 206-B is the micro-CT image of the same region of the pharynx and 
clearly shows not only a clear delineation in the muscle blocks but also some 
directional orientation of the muscle fibres that are magnified in Figure 206-C 
which is an SEM image. The inner (IPM), middle (MPM) and outer (OPM) 
muscle fibres are shown in both images. The pharyngeal muscle blocks are 
clearly seen together with their circular muscle components particularly 
around the anterior sphincter muscle (physiological mouth). The musculature 
of the oesophageal sphincter can also be clearly seen. 
Figure 206-C is a SEM micrograph, x200 magnification, of a freeze-fractured 
segment of the dorsal pharyngeal wall, represented by the rectangular 
segment ‘C’ in Figure 206-B. This picture not only shows the vertical layering 
of the fibres, but also the unusual muscle fibre patterning, with which it 
achieves its compression without shortening. This pattern from the SEM 
would appear to be alternating layers of longitudinal and transverse muscle 
fibres with intermittently interspersed oblique fibres. It must be remembered 
that there are four of these muscle blocks making up the total body of the 
pharynx (Figures 186 & 192). 
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Figure 206. Sagittal sections of the pharynx of N. hombergii 
using different investigation techniques 
 (A-Physical (micro-dissection; B- Micro-CT and C- SEM ) 
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Figure 207A is a micro-CT, transverse section, showing the segmentation of 
the main four muscle blocks of the Nephtys pharynx. Each of the four main 
semi- circular longitudinal muscle blocks (Figures 208-C&D) forming the body 
can be seen for the first time, to comprise of pairs of muscles. This is the first 
time, that this has been described. Each one of these muscle groups is 
shown with a white resultant force arrow (Figure 207-A) which indicates the 
possible direction of movement of each muscle block when the pharynx 
contacts to fully close its posterior chamber. It is also interesting to note the 
uniformity of the inner pharyngeal muscles (IPM), which in the micro-CT 
image (Figure 207-A) look like jointed flexible pads. These lie under the 
cuticle and come together, in a coordinated fashion, to close the posterior 
chamber on maximum compression. It is by this clever arrangement of 
muscle blocks that the pharynx is able to close its posterior chamber so 
powerfully, rapidly and completely without any reduction in axial pharyngeal 
length. Figure 207-B is a diagram of the muscle blocks of the pharynx 
suggesting the directions of movements of the individual muscle blocks to 
produce the force vectors shown in Figure 207-A. Study of the videos of 
pharyngeal closure, an example of which is seen in DVD.Appendix 3.2.4-7 
and ‘stills’ (Figure 208-C & D) show that on full compression the lateral pair of 
the outer muscle blocks flatten inwards whilst the superior and inferior or 
ventral muscle blocks increase in width. This is indicated in Figure 208-C & D 
with red and black arrows. Figure 208-C shows the normal position of the 
four semi-circular muscle blocks around the posterior chamber in their resting 
and symmetrical state. Figure 208-D shows these same muscles when fully 
contacted and closing the posterior chamber. In this case the lateral muscle 
groups have flattened inwards (black arrows) whilst the superior muscle and 
its opposite inferior muscle have increased in length in the superior- inferior 
axis (red arrows). 
Figure 207-A indicates the complexity of the three groups of internal 
pharyngeal muscles, the OPM, MPM and IPM. The muscle interaction is 
further complicated by the interdigitation of muscles at the apices where the 
muscle blocks join to form the walls of the posterior chamber. 
Figure 208 shows the complex inter-twining of longitudinal and oblique 
muscle fibres of the half-closed posterior pharyngeal chamber in a transverse  
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section of pharyngeal wall. This is especially important at the four apices 
where the muscular tissues form connecting hinges for the four main muscle 
segments shown in Figure 209-A. This is a confocal microscope  image 
showing tissue sections, taken from the area of the apex of pharynx and 
stained with phalloidin (Staining protocol in appendix 1.3.4). The F-actin 
filaments shown by green immunofluorescent stain, illustrate the directional 
nature of the muscle fibres at this anatomically and functionally complex 
muscular junction. These patterns of muscle fibre direction and interdigitation 
are best seen in the 3D confocal images in the DVD-Video Appendix 3.2.4.11 
and the DVD-Photo-Appendix 3.1.5.89. 
The hypothesised mechanism for the closure of the pharynx is shown in the 
cartoon of Figure 203 and in animated form in a Video clip of DVD. Appendix 
3.2.4-9 and a more detailed suggestion for the actions of each muscle group 
is illustrated in Figure 207-B and Figure 208-B. 
The Outer Pharyngeal Muscles (OPM) act as an outer and powerful 
containing muscular sheath which on pharyngeal contraction squeezes the 
groups of Middle pharyngeal Muscles (MPM) inwards. As the lateral pairs 
flatten and the superior and inferior pair extend it is hypothesised that the 
groups of MPMs are all pushed downwards and inwards towards the centre  
of the pharynx and are aligned as shown in Figure 209-B to achieve full 
compression and closure of the lumen of the pharynx.  
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Figure 207. Micro-CT; transverse section of open posterior 
chamber Nephtys pharynx through posterior chamber and 
forces diagram  
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Figure 208. A; SEM of transverse section of half-closed 
posterior chamber of Nephtys pharynx. B; Muscle position 
diagram of closed posterior pharyngeal chamber. C; pharynx 
from above. D; directions of muscle block contractions on 
pharyngeal closure 
 
Pharyngeal closure occurs rapidly, smoothly and completely with the 
contraction of the three groups of pharyngeal wall muscles (OPM, MPM & 
IPM). They all possess a complex interdigitation of their fibres with a fixed 
hinging of the OPM at its apices and internal hinging of the eight IPM ‘pads’ 
at their junctions shown in Figure 207-A. The large blocks of MPM, 
sandwiched between the OPM and IPM blocks, would have a turning 
moment placed upon them for maximum chamber closure and would be  
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aligned as shown in Figure208-B at this time. This chamber closure is shown 
in the physical transverse section Figure 200-B. 
 
Figure 209. Confocal laser scanned image of muscle slice 
from apex area of pharyngeal hinge 
 
6.5.2.1 SOMATOGASTRIC NERVES 
For Nephtys to have such a rapid, forceful, long and well-coordinated ejection 
mechanism of its proboscis, involving the intimate coordination of body wall 
and internal musculature, it must have a good and flexible nerve supply. The 
pharynx is supplied by four nerves from the pharyngeal ring which run 
backwards along the four main muscle blocks of the pharynx (Clark, 1958). 
Their positions are shown in Figure 210. They lie between the pairs of 
muscles of each main block.  
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Figure 210.The positions of the four pharyngeal 
somatogastric nerves 
 
Figure 211 shows a transverse section of pharynx at a junction of paired 
muscles and stained with MSB stain: 
 A; shows mainly muscle stained gold and red with a nerve bundle (blue) to 
its left staining for the collagen and with the nuclei staining brown/black. 
(Magnified x100).  
B; is the nerve bundle x 200. 
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Figure 211.Transverse sections of Nephtys pharynx showing 
a somatogastric nerve stained with MSB 
 A: x100; B: x200 Magnifications  
  262 
≠
 
 
Figure 212. N. hombergii section of pharyngeal lining and 
adjacent muscle wall stained with Mason's stain 
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Figure 212 is a transverse section taken at another pharyngeal muscular 
junction zone and stained with Mason’s stain.  
This shows the muscle, deep red and the connective tissue of the lining 
cuticle, blue. A x100 and B x200 magnification. 
 A also shows the differing muscle fibre alignments around the flexible 
junctional zone. Figure 212-A also shows several mucous glands beneath 
the turquoise cuticle. They discharge through cuticular pores (Michel, 1971). 
B is a higher power magnification view of the cuticle (blue) and underlying 
muscle fibres (red). 
 Further H&E sections of pharynx are shown in figure 243 and in the DVD- 
Photo Appendix-5; Chapter 6. Numbers 106-112. 
The pharyngeal epithelium of Nephtys hombergii is composed of two cellular 
types (Michel, 1971);  
Firstly, epithelial cells rich in alkaline phosphatases and glycogen.  
Secondly, mucous glands, with sulphated and carboxylated acid MPS, which 
eliminate their secretions through cuticular pores. 
The cuticle is composed of collagen fibres overlaid with an epicuticular coat 
supplemented with sialomucins. 
 
6.5.3. THE OESOPHAGUS 
The oesophagus in N.hombergii is a short muscular tube and sphincter 
muscle linking the pharynx with the intestine. Figure 215 shows the physical 
dissection view in transverse section looking into the oesophagus from the 
pharynx. Figure 213 is an SEM image showing the sphincter muscle in 
sagittal section surrounded by the supporting strap muscles. 
 The oesophagus is surrounded by a cuff of four pairs of strap muscles 
(Figure 214), which originate anteriorly in the pharyngeal wall, span the 
oesophagus and continue posteriorly to merge with the muscles of the 
intestinal wall. These were described by Dales (1962) as the ‘retensor 
muscles’. The dorsal, lateral and ventral strap muscles all merge with their 
respective longitudinal muscles of the intestine just after its junction with the 
oesophagus (Figure 214).  
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Figure 213. SEM of N. hombergii posterior pharynx and 
intestine 
 
Figure 214. SEM of oesophagus surrounded by strap 
muscles  
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Figure 215.  Micro-dissection of Nephtys pharynx looking into 
oesophagus and distal sphincter 
 
(ES- posterior/exit sphincter; PWS- pharyngeal wall muscle; ILT- 
internal lining tissue; TCL- tissue compression line) 
 
The function of the Oesophageal Strap Muscles (OSM) would appear to be 
two fold: 
1.  To help control and support the muscles of the oesophagus and the 
oesophago-intestinal sphincter, especially when the latter is closed 
and food processing may be taking place in the pharynx. It stretches 
and opens when the pharynx moves forcibly forwards (Figure204). 
2.  To support and stabilise the oesophago-intestinal junction and with the 
VCM, the proximal intestine. The OSM prevent both of these 
structures from being damaged when they are repeatedly and 
forcefully drawn rapidly forwards by proboscis extrusion. With their 
attachments to the longitudinal ligaments of the intestine the OSM 
assist in all the movements of the anterior intestine. 
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Figure 216. SEM of longitudinal section of intestine and 
ventral coelomic muscle (VCM), showing the stabilising 
muscular plug inserted into the inferior aspect of intestine 
 
6.5.4 THE VENTRAL COELOMIC MUSCLES 
A ventral pair of muscles, larger than the strap muscles, originates from the 
ventral pharynx, anterior to the inferior strap muscles and insert inferiorly into 
the longitudinal muscles of the body wall from segments 40-45. This insertion 
area marks the posterior limit of the anterior coelom. After this insertion area 
the pseudosepta and the posterior coelom commence. This ventral pair of 
muscles are attached to the inferior intestine throughout their length by 
connective tissue and by one or two muscular plugs (Figure 216) into the 
inferior wall of the intestine close to their insertion into the inferior body wall 
muscles.  
Dales (1961) in his classic paper describing ‘The Polychaete Stomodeum’ 
described these muscles ‘as the relatively large ventral pair of retensor 
muscles which extend back for a considerable distance attached to the 
outside of the intestine’. Dales assumed that this ventral pair of ‘retensor  
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muscles’ was a part of the ring cuff of strap muscles around the oesophagus. 
However on closer examination and dissection they can be seen to emerge 
from the ventral pharynx anterior to the origins of the ventral strap muscles, 
and pass beneath them (Figures 217 & 219). They are separate from the 
pairs of oesophageal ‘strap’ muscles of which there is a ventral pair to match 
the lateral and dorsal pairs. The oesophageal strap or ‘retensor” muscles all 
merge with the longitudinal musculature of the intestine as described by 
Dales (1962). It would appear the Dales did not appreciate that the ventral 
pair of his ‘retensor muscles’ existed in their own right. He assumed that this 
larger pair of muscles, which he described ‘running ventrally and attached to 
the intestine’, were merely larger retensor muscles. He also did not 
appreciate that these larger ventral muscles whilst passing distally and 
attached to the intestinal wall inserted into the ventral body wall. This latter 
fact was crucial for the proboscis function of Nephtys as will be described 
later. It can be seen from dissections (Figures 217 & 219) that the ventral 
oesophageal strap muscles are attached to the proximal intestine, lying 
above the long pair of muscles passing distally and accompanied by the 
large blood vessel between them and the intestine. These are not only a 
separate pair of muscles in their own right but research for this Thesis has  
shown them to be important part of the mechanism involved in proboscis 
extrusion and retraction. This pair of muscles have been named the ‘Ventral 
Coelomic Muscles’ (VCM) by virtue of their position, independent size and 
importance. There does not appear to be any specific reference to them in 
the literature other than Dales (1961). They can be seen in several 
transverse sections of the Nephtys body (Figures 178 & 179) and in the 
DVD-Photo Appendix 3.1.5.75 & 76. 
So what is the function of this strong and substantial but mysterious muscle? 
Anatomically, its origin is the posterior pharynx, proximal to and below the 
inferior ventral oesophageal strap muscles. From its origin, it travels under 
the oesophagus and its ventral strap muscles (Figure 219), to the inferior 
margin of the gut, to which it attached, by what looks to be connective tissue 
and at least one muscle plug that forms part of the intestinal wall (Figure 216). 
It continues along the floor of the aseptate sections of the anterior coelom of  
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Nephtys to merge with and be inserted into the inferior body wall between 
segments 35 – 45 (Figure 222). 
Figure 219 reveals how substantial the pair of ventral coelomic muscles 
appears. They emerge from the inferior aspect of the pharynx, proximal to 
the oesophageal strap muscles, and divide close to their origin to allow the 
ventral pharyngeal vessel to pass through dorsally (Figures 220-B & 221). 
This vessel then runs between the VCM the proximal intestine (Figure 222). 
The VCM passes distally to be inserted into the floor of the body wall 
between segments 35-45, although this may vary a little (Figure 222). 
 
 
Figure 217. Micro-dissection of pharynx, intestine and 
retensor strap muscles 
6.5.4 1 THE VENTRAL COELOMIC MUSCLE AND ITS 
FUNCTION IN PROBOSCIS EVERSION 
It has been repeatedly stated, throughout the past century, that the proboscis 
extrusion function in polychaetes, with an axial muscular proboscis, is 
primarily driven by increases in coelomic pressure, secondarily to body wall 
contraction. This has been the paradigm for Nephtys pharyngeal protrusion 
(Clark and Clark, 1960, Dales, 1962, Clark, 1962b, Mettam, 1967, Trevor, 
1976, Trevor, 1978, Brusca and Brusca, 2003)  
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During this research it was noticed that when operating on lightly 
anaesthetised Nephtys, that if an incision of more than one centimetre was  
opened, in the anterior 25 segments of the dorsal longitudinal muscle, as the 
worm recovered, the body wall contractions would cause the pharynx to 
herniate through the body wall (Figure 218-B). If the incision was in the 
region of segments 20-25 then the pharynx would be accompanied by the 
attached ‘ventral muscle’ (VCM) and the section of anterior intestine attached 
to it. This section of the worm came from the anterior coelom where the 
pharynx is closely surrounded by the body wall.  
It was also noted that this herniation was accompanied by marked 
contraction of the anterior body segments. 
The pharyngeal herniation was difficult to reduce by direct local pressure but 
easily reducible by gentle traction; tractioning on segments 40-45 by pulling 
gently on the head and tail.  The inferior body wall at segments 40-45 is the 
area of the insertion of the ventral coelomic muscle, or VCM. This is such a 
substantial structure that it seems somewhat strange that it has never 
appeared to warrant previous description. It has only been mentioned in-
passing by one author who stated that; “ the pharynx was related to the 
intestine by a series of strong retensor muscles which span the short 
oesophagus. The ventral pair of these muscles is relatively large and extend 
back for a considerable distance attached to the outside of the intestine” 
(Dales, 1962). These muscles were not mentioned in his book published 2 
years later (Dales, 1963a).  
There was  no mention of this muscle in any of the anatomical research 
papers on Nephtys during the main investigative years from 1960 to 1980 
(Clark and Clark, 1960(a), Clark and Clark, 1960, Clark, 1962b, Mettam, 
1967, Trevor, 1976, Trevor, 1978)  
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Figure 218. Anterior segments of N hombergii: A- 1cm 
incision in anterior dorsal body wall, B- herniation of pharynx 
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Figure 219. The origin of the Ventral Coelomic Muscle (VCM) 
emerging from the pharyngeal wall and passing over the 
ventral strap muscles 
  
  272 
 
Figure 220. The Ventral Coelomic Muscle and its relationship 
to the pharynx, intestine and body wall 
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Figure 221. Ventral vessel running between the proximal 
intestine and the VCM 
 
Figure 222. Full length VCM inserted into ventral body wall 
segments 40-45 
 
 
Figure 223. Drooping proboscis after violent movement and 
fracture of the Ventral Coelomic Muscle at oesophageal level  
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6.5.4.2. VENTRAL COELOMIC MUSCLE FRACTURE. 
During the research for this Thesis it was noticed that when some Nephtys 
specimens became very violent in their movements, especially during rapid 
anaesthetic induction with MS222, that the proboscis not only remained 
extruded but also drooped despite the polychaete making obvious body wall 
segment movements to retract it (Figures 223 & 224-A & B) 
Dissection of the proboscis in such a situation (Figure 224-B) and revealed a 
fracture of the VCM and oesophageal strap muscles just posterior to their 
origins on the pharynx. The intestine was also ruptured just posterior to the 
oesophagus. The retractor cuff muscles remained intact. 
 
 
Figure 224. Fractured VCM at junction with pharynx 
 
Thus despite the intact retractor cuff muscles, once the stabilising effect of 
the VCM and oesophageal strap muscles had been lost, the polychaete was 
unable to retract its pharynx through the mouth. 
The sagittal sections of the anterior worm (Figure 225) show the anatomy of 
the protruded pharynx. The VCM is obviously very vulnerable when fully 
extended with its origin at the pharynx virtually pivoting around the level of 
the open mouth. Violent anterior segment movements with the proboscis 
fixed in the sand or a blow to the extruded proboscis, especially at its anterior 
end, would appear to make the muscles around the oesophagus vulnerable  
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to fracture around the open mouth. This of course would be the fixation and 
pivot point for the vulnerable protruded pharynx. 
 
Figure 225. Sagittal section of anterior Nephtys showing 
anatomy of extruded proboscis 
 
6.6 THE EFFECTS OF SURGERY AND 
STIMULATION ON ANTERIOR COELOM 
MUSCLE FUNCTION  
6.6.1 PROBOSCIS EXTRUSION WITH BODY SECTION 
AT SEGMENT 25. 
In the anaesthetised worm, with the body sectioned just behind the 
pharyngo-oesophageal junction (at about segment 25) and with the body 
stabilised and stimulated by squeezing the dorsal longitudinal muscle with 
forceps, it is still possible for the worm to extrude its proboscis albeit slowly! 
This is illustrated in the sequence of pictures comprising Figure 226: 
Image 1 shows the anaesthetised anterior worm, whilst 2 shows the dorsal 
muscle being gripped and stimulated by the forceps tips. The slow extrusion 
of the proboscis is shown in 3 & 4 with the latter showing an uncharacteristic 
lateral kink not seen with an intact VCM.  
The full video clip can be seen in the DVD. Appendix 3.2.4-14). It was also 
interesting to note that in this video dissection, the proboscis did not retract 
until a 2 cm. dorsal incision was made to release the posterior body wall  
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muscles and allow the retractor cuff muscles to overcome their resistance 
and retract the pharynx. In this case the oesophageal stap muscles and the 
proximal VCM were intact although obviously the VCM was only attached to 
the proximal intestine. 
 This again illustrates that proboscis extrusion is possible under purely 
muscular control with no hydraulic influence of the coelomic fluid. 
 
 
Figure 226. Proboscis extrusion in anterior Nephtys following 
body section distal to pharynx 
 (Stills from video clip DVD. Appendix 3.2.4-14) 
 
6.6.2 THE EFFECT OF SURGICAL DIVISION OF THE 
VENTRAL COELOMIC MUSCLE (VCM) 
For this research a microsurgical technique was developed for operating on 
anaesthetised polychaetes. This is described in more detail in Chapter 2.10. 
In Nephtys, the surgical approach is very important, as this polychaete has 
such strong and brittle muscles. A standard dorsal approach through the 
dorsal longitudinal muscle (Page 61-Figure 46-B) is doomed to fail, even if 
very fine sutures (6.0 proline) are used, as they will just ‘cut out’ and the  
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wound will dehisce. The best surgical approach was found to be that shown 
in Figure 46. It started with a dissection between the dorsal longitudinal 
muscle and the parapodial and dorso-ventral muscles. This was approach A 
in Figure 46 and shown in the dissection of Figure 227-A. The VCM could 
then be easily divided behind the pharynx with a pair of fine scissors (Figure 
227-B). The wound was closed with a size 6.0 proline (0.07 mm) suture to 
reduce muscle damage (Figure 228)  
 
Figure 227. Dissection to divide the VCM of Nephtys 
 
Figure 227-A above shows the dissection and exposure of the VCM between 
segments 21-24 on the left side of Nephtys. B shows the division of the VCM 
with micro-scissors. Figure 228 shows the completed operation and sutured 
wound 
 
Figure 228. Wound closed with 6-0 proline following VCM 
division 
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Following the microsurgical division of the VCM and recovery of the 
polychaete, video clips were taken of its attempts to burrow.  
The following observations were made: 
1.  It was generally observed that shallow and slow burrowing was seen to 
be possible with longer periods of rest, even before the worm had started 
to burrow. 
2.  The initial side-to-side head movements appeared to be the same 
although even before burrowing took place, several rest periods were 
noted. 
3.  When the proboscis extrusion did take place, the pharynx was only 
partially extruded (about half) and there was no sign of the terminal 
papillae (Figure 229). 
4.  Proboscis extrusion was performed very slowly and lacked the usual 
speed and punch and therefore penetration, of the normal movement. 
Retraction was also performed more slowly. 
5.  In the three worms observed once the cavity in the sand ahead had been 
made, the worms wriggled forwards into it, without the usual big forward 
thrust. Not only were they unable to thrust the anterior segments forward 
but also they did not seem to be able to pull their middle and posterior 
sections forward. This suggests that a connection between the anterior 
and middle sections was missing, viz., the VCM.  
6.  It would seem obvious that energy expenditure had considerably 
increased to perform even less burrowing distance, speed or depth. 
The observations above are illustrated on the DVD. Appendix 3.2.4.16.   
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Figure 229. Incomplete proboscis extrusion when burrowing 
after VCM division 
 
6.6.3 THE EFFECT OF SURGICAL DIVISION OF THE 
PROTRACTOR CUFF MUSCLES. 
The protractor cuff muscles are shown in Figures 184-186 and are the ‘main 
pharyngeal protractor muscles’ (p.400) (Dales, 1962). They arise from the 
anterior pharynx and pass forward to be inserted into the body wall of the first 
parapodial segment in close proximity to the ring of short radial muscles 
around the mouth (Figure 182). It has previously been suggested that these 
protractor muscles are responsible for the initiation of forward pharyngeal 
movement. They work in conjunction with the radial muscles around the 
mouth, which open the mouth plates. To investigate this theory using 
microsurgery and the lateral approach at parapodial segments 5 & 6, the 12 
strap muscles around the buccal tube were divided, leaving all other  
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anatomical structures intact. Care was taken not to interfere with any nervous 
tissue around the buccal tube. Once the polychaete had recovered from the 
anaesthetic it was placed on sand covered with 2 cm of filtered seawater in a 
round glass container. Video recordings were made of post-surgery 
movements and attempted burrowing. These are shown in the DVD-Video-
Appendix 4; Chapter 6. Number -15 and a still from this is shown as Figure 
230.  
 
Figure 230.Nephtys attempting to burrow after division of 
anterior pharyngeal retractor cuff muscles 
 
The movements seen were as follows: 
1.  Whilst the usual side-to-side head movements were present at the 
start of attempted burrowing and there were some obvious attempts of 
contraction of the anterior muscle segments, with a suggestion of 
forward movement of the pharynx, there was no proboscis extrusion. 
2.  There was only the slightest suggestion of proboscis movement with 
buccal tube tissue just showing at the mouth following some anterior 
segmental muscle contraction (Figure 230). 
3.  Without the ability to punch a hole in the sand ahead, the worm was 
unable to burrow beyond the superficial few millimetres of surface 
sand.  
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4.  Even with all of the other driving mechanisms present and functioning, 
without the protractor cuff muscles, the mechanism of proboscis 
extrusion could not be initiated, and the pharynx could not be 
delivered through the mouth. 
The anterior pharyngeal protractor cuff muscles are thus essential for the 
process of proboscis extrusion in Nephtys as well as assisting in the process 
of retraction. 
6.6.4 ELECTRICAL STIMULATION OF NEPHTYS 
MUSCLE GROUPS FOLLOWING ANTERIOR 
DISSECTION. 
In an attempt to try to understand the function and sequence of the 
numerous muscle groups and their related contractions, associated with 
proboscis extrusion, the use electrical muscle stimulation was investigated. 
The details of the technique used are as described in Chapter 2 (Materials 
and methods). The stimulator used was a “Grass SD9” and is shown, 
together with the equipment set-up in Figure 231. 
 N. hombergii was dissected under anaesthetic and the contents of the 
anterior coelom were exposed as far distally as the insertion of the ventral 
coelomic muscle at segments 40-45 (Figure 232-A). Dissection pins were 
used to expose the anterior coelom, including the VCM and intestine to 
approximately segment 30. The anterior pins prevented full contraction of the 
anterior body wall segments. Various areas of the exposed muscles and 
body muscles were stimulated and the effects and the muscle contractions 
noted. A full video clip was recorded and is shown in the DVD. Appendix 
3.2.4-17. 
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Figure 231. The ‘Grass’ electrical muscle stimulator and 
associated equipment set up to investigate muscle group 
contractions in N. hombergii 
 
The results of the specific areas stimulated are as follows with still pictures of 
these results shown in Figures 232-234: 
 
6.6.4.1 STIMULATION OF THE DISSECTED AND EXPOSED 
ANTERIOR BODY WALL (FIGURE 232-B): 
The protractor muscles, pharynx and the VCM contract to form a rod like 
structure whilst the body wall muscles proximal to the VCM insertion contract 
and concertina down to the dissection pin at the tip of the brown stimulator 
wire. Because the body wall muscle is pinned at this point and because the 
VCM has contracted and pulled on its insertion, it has elevated the 
contracted body wall segments as shown. It was noted, that there were no 
movements seen in the body wall muscles, distal to the VCM insertion; that is 
from about segment 50 distally.  
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6.6.4.2 STIMULATION OF THE ANTERIOR PHARYNGEAL 
PROTRACTOR CUFF MUSCLE INSERTION (FIGURE 232-
C&D). 
Stimulation of these muscles around the mouth caused an immediate muscle 
contraction that was carried down over the pharynx and VCM, and forward 
momentum of the pharynx seen (Figure 233-white arrow). At the same time 
there was a sustained slower contraction of the pinned and exposed anterior 
body wall muscles. The body wall muscles distal to the dissection pin 
(segment 30) did not contract but were pulled forwards by the VCM. There 
was no muscle effect further distally. The overall effect is shown in Figure 
234. 
 
 
Figure 232. Electrical stimulation of the body wall muscles of 
Nephtys  
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Figure 233.Stimulation of protractor muscles and group 
muscle effect 
 
6.6.4.3. STIMULATION OF THE PHARYNX (FIGURE 234). 
Direct stimulation of the pharynx produced an immediate contraction of the 
pharynx and VCM and was associated with a contraction of all the body wall 
segments of the anterior 50 segments. The latter was not as violent as the 
direct stimulation of the body wall but occurred in conjunction with the internal 
structures (Figure 234). The overall effect, without the open dissection and 
with an intact anterior body wall, would be to push the ‘unit’ of pharynx and 
VCM forwards guided and augmented by the anterior pharyngeal cuff 
muscles. 
Figure 234. Electrical stimulation of pharynx 
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6.6.4.4. STIMULATION OF THE POSTERIOR BODY WALL 
BEHIND SEGMENT 50 (FIGURE 235). 
Direct stimulation of the posterior body wall muscles, at any stimulation 
voltage or amperage that caused contraction, revealed only maximum 
segmental contraction over about 5-10 segments. There was some 
detectable contraction over about 5 segments on either side of the maximally 
contracted segments Figure 235. 
 
Figure 235. Stimulation of posterior body wall segments 
 
6.6.4.5 STIMULATION OF THE BODY WALL ADJACENT TO 
SEGMENTS 45-50  
This produced a contraction of the pharynx, VCM and anterior cuff muscles 
to form the ‘pharyngeal rod’ together with the general body wall contraction of 
segments 1-50 (Figure 236). It was interesting to note that there was a 
relatively small contraction of the VCM and attached and adjacent intestine, 
together with no longitudinal shortening of the pharynx itself. The whole 
internal unit thus formed a rod like structure attached to the body wall at 
segments 40-45 and within the body wall, which at this time, contracted 
longitudinally in a concertina fashion. This was a very significant shortening 
of the anterior coelom muscles, together with the relatively small shortening 
of the ‘pharyngeal unit’. The overall result was that it led to a significant 
relative lengthening of the pharynx and VCM in the anterior coelom and a 
subsequent rapid and powerful proboscis extrusion. 
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Figure 236. Stimulation of body wall segments 45-50 
 
6.7 CHALLENGING THE PARADIGM OF 
COELOMIC FLUID PRESSURE BEING THE 
PRIMARY DRIVING FORCE OF PROBOSCIS 
PROTRUSION IN NEPHTYS    
 
Dales (1962) described how the ‘motor muscles’ (anterior pharyngeal cuff 
muscles) coordinated with the radial muscles around the mouth of Nephtys 
enabled the proboscis to be everted under fluid pressure. Clark & Clark 
(1960) stated that fluid pressure was necessary for proboscis eversion as 
Nephtys was unable to evert its proboscis with an open cannula inserted into 
the anterior coelom. They stated that the increase in coelomic pressure was 
generated by the contraction of the longitudinal muscles assisted by the 
contraction of the dorso ventral muscles. 
It was found that not only could proboscis extrusion take place with body 
trans-section behind the pharynx in the anterior coelom and thus with no 
coelomic fluid present. DVD- Video Appendix 3.2.4.14. Proboscis extrusion 
also occurred in the presence of 2 segment-long incisions, in the anterior 
coelom, via the lateral surgical approach, and whilst leaking coelomic fluid. If 
a metal cannula was inserted dorsally into the anterior coelom it was almost 
impossible for it not to impinge on the pharynx or associated tissues, which 
could in turn, prohibit these tissues from moving. It was also found that with 
an epidural catheter (Chapter 2) sutured into the anterior coelom for pressure  
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measurements the Nephtys could evert its proboscis whether this cannula 
was open or sealed. 
What still appeared to be a mystery was how Nephtys could generate its 
explosive force and speed with its proboscis extrusion, when compared to 
other polychaetes. This action enables it to punch its way through the 
sediments 30 times faster than even the nereids (Trevor, 1978). 
This Thesis would suggest that the reason for this is not only the unique 
structure and strength of the Nephtys musculature, but also and more 
importantly, because proboscis extrusion is a direct muscular function. 
This bypasses, the indirect and the slower suggestion, that an increase in 
coelomic fluid pressure primarily pushes the pharynx forward thus promoting 
proboscis eversion. 
When the pharynx was stimulated electrically, we saw that the pharynx and 
VCM form a shortened rigid and rod like structure (pharyngeal rod). This ‘rod’ 
was attached to the ventral aspect of the body wall between segments 40-45, 
at the rear of the anterior coelom. The associated anterior intestine shortened 
slightly being rigidly attached to the VCM by muscular plugs at its distal end 
(Figure 216) and connective tissue along its length. This connection to the 
VCM protected the intestine, as the body wall moved around it on proboscis 
eversion. At full eversion, the pharyngo-intestinal junction came to lie just 
inside of the mouth (Figure 225). 
This Thesis would suggest that, with the stimulation of the anterior coelom for 
proboscis eversion, the pharyngeal structures shorten and become rigid 
whilst the body wall segments for 1-50 vigorously concertina together around 
them. As the structure of the ‘pharyngeal rod’ is firmly inserted into the body 
wall floor from segments 40-45, and as this muscular insertion now moves 
rapidly and forcibly forwards, propelled by the concertinaing body wall 
contractions, it pushes the VCM and pharynx forwards with it. The pharynx 
and VCM now resemble a piston in and engine cylinder (Figure 237).  
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Figure 237. Suggested piston action of Nephtys proboscis 
 
Figure 237 illustrates the suggestion to explain the power, speed and force of 
the Nephtys proboscis extrusion.   
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Figure 237-A shows the classic piston in an engine cylinder. As the 
crankshaft rotates, the piston is pushed rapidly and forcefully upwards by 
their mutual connection to the rigid connecting rod. 
In the Nephtys proboscis protrusion, the pharynx is the piston, the connecting 
rod is the rigid VCM and the rotating crankshaft is replaced by the 
concertinaing body wall (Figure 237-B). Because of the rigidity in the 
pharyngeal rod and the speed of the concertinaing body segments the 
pharynx is directly pushed explosively through the mouth and down the 
inverting buccal tube and thus fired into the surrounding sediment. The body 
segments concertina proximally, so as the pharynx moves forward, it 
expands the anterior body wall segments ahead of it, being slightly wider 
than the contracting body segments. It is therefore, caressed by and closely 
fits the inner anterior body wall tube, through which it is passing and this 
would form a coelomic fluid seal between the anterior and posterior parts of 
the anterior coelom. As the pharynx moves forward and the mouth opens, the 
proximal buccal tube is pushed forward and out around the sides of the 
mouth. The buccal tube is progressively distended by the pressure wave of 
coelomic fluid from the advancing pharynx. The pharynx now passes down 
the inverting buccal tube. When the terminal papillae are in contact with the 
sediment, and the buccal tube is fully everted, a small volume coelomic fluid 
can be seen between the translucent buccal tube wall and the pharynx and 
bathing the ‘protractor muscles’.  
These are now about to take on a ‘retractor’ role or reverse role at the start of 
pharyngeal retraction (Figure 238). 
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Figure 238. Dissection of everted proboscis showing 
protractor muscles overlying the everted pharynx and 
surrounded by the everted buccal tube, which enclosed the 
coelomic fluid 
 
In summary, this research would suggest that the powerful ejection of the 
pharynx in the Nephtys polychaete is as a direct result of primary muscular 
action and that changes in coelomic fluid pressure and movement are 
secondary to this. These movements are illustrated in the cartoons of Figures 
241 & 242. 
The illustration, Figure 241, represents Nephtys just starting the process of 
proboscis eversion; the buccal cavity at this stage probably contains a little 
seawater. 
 The mouth (M) is opened by the radial mouth muscles (Figure 239) as the 
pharyngeal protractor cuff muscles initiate the forward movement of the 
pharynx.  
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Figure 239. Radial mouth muscles extending from the distal 
buccal tube to the mouth plates 
 
6.7.1 THE SEQUENCE OF PROBOSCIS EXTRUSION 
IN N. HOMBERGII. 
6.7.1.1 ACTION 1 
The four muscles, comprising the pharyngeal body, contract as the protractor 
muscles draw the pharynx forward. This is shown on a video clip (Video 
appendix-4: Chapter 6. Number 12). In this clip the prostomium is pinned to 
the dissection tray, whilst the pharynx, proximal intestine and the VCM have 
been exposed. The distal body wall is also pinned at segment 50 securing 
the insertion of the VCM. Thus no body wall muscle contraction influences 
the pharyngeal movements within the anterior coelom. As the anaesthetic 
wears off the protractor muscles start to pull the pharynx forwards and the 
four body wall muscles contract closing the pharyngeal cavity and forming a 
rigid muscular piston and rod with the VCM. It looks at first from the video as 
though the pharynx is being pushed rather than pulled until the pinning out of 
the body wall and head is taken into account. Figure 240 below shows 2 stills  
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taken from the video. Figure 240A is taken when the pharynx is relaxed and 
240B is when the pharyngeal muscles are contracted and the protractor 
muscles are pulling the pharynx forward. 
 
 
Figure 240. Stills taken from video-appendix-4: Chapter 6. 
Number 6. A-pharynx relaxed; B-pharynx contracts and 
pulled forward by the protractor muscles 
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Figure 241. Caption depicting the starting action and position for muscles at initiation of proboscis 
eversion (M-mouth; PM-protractor cuff muscles; BT-buccal tube; VCM- ventral coelomic muscle; CF- 
coelomic fluid.)  
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6.7.1.2 ACTION 2.  
The pharynx and VCM contract to form the “pharyngeal rod” or piston, which 
is attached to the ventral body wall at segments 40-45, as illustrated in figure 
241 above. In this process, when the unique muscles of Nephtys contract, its 
fibres, containing the thousands of calcium phosphate granules, squeeze the 
granules together, on the ‘bean bag’ principle. This results in not only a more 
rigid muscular contraction but also one that is reduced in length. The pharynx, 
because of its unique construction, as described earlier, does not shorten in 
length and the VCM only shortens approximately 50% of normal invertebrate 
striated muscle. All of this makes for a longer, stronger and more rigid piston, 
to be driven forwards by the shortening action of the body wall, of the anterior 
coelom, concertinaing and rapidly reducing its axial length. The segments 
into which the VCM is inserted are at the distal end of the anterior coelom, 
just before the pseudosepta start (Figure 241). This insertion is driven 
forward by the shortening of the anterior coelom muscles and thus firing the 
pharynx through the inverting buccal tube and open mouth and on into the 
sediment. 
6.7.1.3 ACTION 3. 
 (Figure 242-B) As this process fires the pharynx forwards and any coelomic 
fluid ahead of the pharyngeal piston is driven into the space created by the 
open mouth, buccal tube and its insertion into the proximal pharynx. This not 
only aids the ballooning of the buccal tube forming the external surface of the 
proboscis, but it also protects the protractor muscles and pharynx from the 
sudden and damaging friction from the sediments into which the proboscis is 
rapidly punching its way. 
Coelomic fluid behind the pharynx will be pushed backward by the shortening 
of the anterior coelom and the seal between the pharynx and body wall as 
the former pushes and dilates its way through the latter. 
The coelomic fluid passes backwards in the spaces over the pseudosepta 
allowing it to possibly dilate the distal segments of the polychaete. This would 
enhance the grip of the posterior body sections in the sediments by the rawl 
plug effect (Rawlings, 1939). If the pseudosepta were to be replaced by full  
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septa, the concertinaing force of the anterior coelom would be considerably 
slowed and reduced in power as there would be nowhere for the coelomic 
fluid to rapidly flow posteriorly. The mechanical forward speed of the 
pharyngeal mechanism would then be considerably reduced. The superior 
gap, between the pseudosepta and the dorsal body wall, thus not only allows 
for intestinal movements during the vigorous movements of swimming and 
burrowing but it also acts as a venting valve and storage for coelomic fluid 
during proboscis extrusion and retraction. On proboscis retraction and 
enlargement of the anterior coelom, the latter can then backfill from the 
coelomic reservoir in the posterior worm, which in turn becomes narrower 
and releases itself from the surrounding sediment, to be pulled forwards.  
6.7.1.4 ACTION 4.  
Proboscis retraction is the reverse of this process (Figure 242-C). It begins 
with the protractor muscles contracting and pulling on their pharyngeal 
insertion and guiding the pharynx back through the mouth. The major 
retracting force comes from the relaxation of the anterior coelom body wall 
muscles, and thus applying traction on the insertion of the VCM which then 
moves distally pulling the pharynx back into its resting position. The coelomic 
fluid of anterior coelom chamber is recharged from the eversion of the buccal 
reservoir and backfill over the pseudosepta from the rear chambers of the 
worm.  296 
 
Figure242. Cartoons depicting suggested VCM and body wall muscle movements 
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Figure 243 .H&E stained sections of N. hombergii pharynx 
 (Section A; mG-mucous gland; ct-cuticle; Mc-muscle coat)  
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6.8 THE INTESTINE 
As with all carnivorous polychaetes Nepthys has a very simple gut and 
relatively short intestine. As relative gut volume decreases with increasing 
diet quality (Hume, 1982), one must assume that Nephtys has the best 
quality diet of the three families being investigated and therefore is the most 
selective.  
The intestine of N. hombergii is a straight tube constricted segmentally in the 
region of the pseudosepta of the posterior coelom. There is otherwise very 
little visible anatomical difference between the anterior, middle and posterior 
sections of the intestine, other than the attachment of the anterior intestine to 
the ventral coelomic muscle on its ventral surface.     
For description, comparison with the work of previous authors, functional 
anatomy and histology the intestine was divided into three sections; anterior, 
mid and posterior. 
6.8.1 THE ANTERIOR INTESTINE 
The anterior intestine occupies the anterior coelom and extends from the 
oesophagus, surrounded by its protective strap muscle and the origin of the 
VCM, to region of the insertion of the VCM at approximately segment 40-45 
and the start of the pseudosepta. Here, as it leaves the anterior coelom, it 
becomes the mid intestine. 
It is attached ventrally to the VCM by connective tissue and by one or two 
muscular plugs, from the VCM into the intestinal wall (Figure 216) just before 
its insertion into the floor of the body wall (Figure 244).  
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Figure 244. The anterior intestine and its anatomical 
relationships 
. 
Unlike the anterior intestine of Hediste, which significantly elongates with 
proboscis extrusion, that of Nephtys does not and indeed if anything, it 
contracts a little, following the short contraction of the VCM. The full length of 
pharyngeal extrusion is brought about by the anterior body wall shortening by 
the segmental contraction of the walls of the anterior coelom. 
 
 
Figure 245. Pharyngeal extrusion with no lengthening of the 
anterior intestine, but marked segmental, ‘concertina like’ 
contraction of the anterior coelom body wall muscles 
 
This is shown in Figure 245:  
A, is a sagittal section of the anterior coelom with proboscis extruded. The 
pharynx is almost fully extruded in the buccal tube, whilst the anterior 
intestine is of normal relaxed size and being protected by the VCM.   
  300 
B, shows the considerable contraction and shortening of the anterior body 
wall. Indeed this degree of shortening is greater than the length of the 
pharynx. 
The epithelium of the anterior intestine bears a microvillar brush border and 
contains several types of cells. These consist of serous gland cells, which 
synthesise zymogen granules and may secrete proteolytic enzymes. This 
usually is the case in errant carnivorous polychaetes that lack a stomach 
(Saulnier-Michel, 1992, Michel, 1988). The high levels of lipase and esterase 
together with low levels of protease and glucosidase, found in Nephtys 
proximal gut (Mayer et al., 1997), emphasises its carnivorous nature and the 
enzyme secreting nature of this area of gut. 
 
 
Figure 246. Nephtys anterior intestine; longitudinal section, 
H&E stain (x400 Mag) 
 
Figure 246 shows an H&E stained section of anterior intestine, with its 
relatively thin muscle layer. The layer below its brush border is rich in 
mucous cells.  
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Figure 247. Differential staining of transverse sections of 
Nephtys anterior intestine 
 (A- Mason stain x200; B-Mason stain x100; C-MSB stain 
x100; D-MSB stain x200) 
 
The differential stains above show (A & B) the muscle and fibrin beneath the 
brush border surrounding the areas from which the mucous cells have 
disappeared. The MSB stains of C & D shows the collagen –blue and the 
fibrin- orange/red.  
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Figure 248. SEM T/S section- anterior Intestine.( x 75 Mag 
(VCM-ventral coelomic muscle; DIM-dorsal intestinal muscle; 
LIM-lateral intestinal muscle; VIM-ventral intestinal muscle). 
 
Figure 248 shows the muscles of the proximal intestinal wall and the VCM, all 
of which stabilise this section of the intestine as it passes through the anterior 
coelom. The intestinal muscles become less obvious as they pass distally  
over the middle and posterior sections of intestine. 
6.8.2 THE MID INTESTINE  
The mid intestine passes over the anterior half of the pseudosepta, of the 
posterior coelom, to which it is intimately related inferiorly (Figure 249). There 
is, however, space between the intestine and its surrounding structures to 
allow the free passage of coelomic fluid especially during movements. The 
true septa, thought to be hypertrophied oblique muscles, are reduced to a 
few strands supporting the intestine (Clark, 1962b). Occlusion of the empty 
intestine is prevented by the dorsal, lateral and ventral suspensors (Mettam,  
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1967).
 
Figure 249 T/S section through middle of body of Nephtys. 
This shows the mid intestine and pseudosepta 
 
 
Figure 250. Dorsal dissection of region of mid intestine  of N. 
hombergii  
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Segmentation of the intestine is also much more obvious in the posterior 
coelom (Figure 250) which also shows the dorsal vessel and its segmental 
outflows. 
A representative histological section of the mid-intestine is shown in Figure 
251. 
 
Figure 251. Longitudinal section of the mid intestine of N. 
hombergii  
(Stained with H&E and mag. x 400) 
 
Enterocyte absorptive cells have been described as the most abundant cells 
(Michel, 1988). They demonstrate a well-developed microvillar brush border 
and are involved in pinocytosis (Kaganovskaya, 1979, Michel, 1988). These 
absorptive cells also possess lysosomes that contain enzymes, permitting  
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the intracellular digestion of engulfed food particles, especially in liquid 
suspension, and take part in the storage of nutrients in the form of lipids and 
glycogen. Mayer et al. (1997) have shown high levels of lipase in the Nephtys 
midgut, which would support this process. It has also been suggested that 
such nutrients may pass to invading coelomocytes (Marsden, 1966). 
6.8.3. THE POSTERIOR INTESTINE 
As the histological sections move distally from the anterior to the posterior 
intestine they demonstrate progressive loss of serous gland cells and an 
increase in the numbers of absorbent and excretory cells. Mucous goblet 
cells become more abundant in the epithelium of the posterior intestine as 
well as in the rectum to assist with the packing of faeces (Figure252). The 
tubes around the packed faeces, seen in Hediste and Nephtys, are secreted 
acellular layers termed ‘peritrophic membranes’ (PTMs) (Dales and Pell, 
1970, Peters, 1992). These separate ingested materials from the gut 
epithelium in a variety of invertebrates and they persist as wrappers around 
faecal pellets. They are generally considered to be composed of a meshwork 
of chitin fibrils embedded in a matrix of proteins, proteoglycans and 
mucopolysaccharides. A great deal of this work was performed in insects 
(Georgi, 1969, Eismann and Binnington, 1994, Richards and Richards, 1997, 
Martin et al., 2006). 
It has been suggested that PTMs help to protect the intestinal lining from 
mechanical abrasion and may accelerate the packaged and undigested 
debris through the intestine. 
Lipase and glucosidase activity have been shown to progressively decline 
when moving distally through the intestine (Mayer et al., 1997). 
Whether due to autotomy or predator inflicted injury, if the body wall posterior 
to segment 45 becomes detached, regeneration of several new segments 
including a rectum takes place. This begins at about the fifth day after the 
amputation injury and is usually complete by the end of the third week. The 
early stages of this regenerative process covering wound healing and 
blastema formation have been well documented (Clark and Clark, 1962, 
Clark, 1965) whilst the later stages were described subsequently(Clark, 
1968)  
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Figure 252. Nephtys faecal tube 
 
 
Figure 253. N. hombergii; Longitudinal section of posterior 
intestine stained with H&E (x400 Mag) 
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Chapter 7 
Comparison of the 
three families of 
polychaetes with 
summary and 
Conclusions 
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7.1 INTRODUCTION 
The three families of polychaetes; Arenicolidae, Nereidae, and Nephtyidae 
are represented in this study by the species Arenicola marina (100 
specimens), Hediste diversicolor (300 specimens) and Nephtys hombergii 
(300 specimens). They represent three different groups of polychaetes with 
respect to their diets and how they acquire them, locomotion, activity levels 
and functional anatomy. 
The way of life for these three families of worms mirrors the “motorway of life” 
in the animal kingdom as a whole; A. marina is definitely in the slow-lane, 
being overtaken by H. diversicolor in the middle lane whilst both are passed 
by the sports car that is N. hombergii. The functional anatomy associated 
with these very different abilities and ways of life, is also very different and 
has been described and will now be compared in this chapter. 
7.2 ANATOMY AND FUNCTION 
Comparison of these representative species will commence with a detailed 
examination and comparison of their specific organ anatomy and function in 
the order displayed in figure 254 below (proximal to distal). This will be 
followed by a challenge to the paradigms of gut architecture and feeding 
biomechanics based upon these. 
 
 
Figure 254. Generic polychaete anatomy for detail discussion  
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7.2.1 THE MOUTH AND AXIS OF PROBOSCIS 
EXTRUSION. 
The mouth, its anatomical position and alignment with the polychaete body 
axis has a role, both in the direction and in some cases, the initiation of 
pharyngeal extrusion. 
The mouths of these three polychaetes are all in axial alignment with the 
longitudinal axis of their bodies allowing a straight transiting of their 
respective pharynxes. 
 
 
Figure 255. Axis of Proboscis extrusion in the three 
polychaetes 
  
The mouth of Nephtys is covered by the mouth plates, which lie angled 
downwards, on the ‘ventral slope’ of its anterior wedge shaped body. It is, 
therefore, beneath and behind the prostomium. When the mouth plates open, 
the anterior portion of the inverting buccal tube exits from the mouth in a 
downwards direction (Figure 256-A). When the pharynx passes through the 
mouth it elevates the prostomium by as much as 45°. Figure 256-B shows 
the downward direction of the proboscis in Nephtys with the body 
unsupported. The head (Prostomium) lies on top of and attached to the 
proximal buccal tube. When burrowing and thus with the body totally 
supported by the surrounding sediment, the proboscis becomes axially 
aligned with the body. The head (Prostomium) is pushed upwards and 
backwards by the reverse force vector of the powerful extrusion punch of the 
extruding proboscis into the sediment ahead of it (Figure 256-C). This in turn 
adds an extra body anchor for the emerging proboscis.   
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Figure 256.Proboscis passing through Nephtys mouth 
showing relative head positions 
 
 
The mouth, directly in line with the long axis of the body in both Arenicola 
and Hediste, maximizes not only the straight-line efficiency of the relatively 
slow pharyngeal extrusion process but it allows the balanced and 
symmetrical contraction of the surrounding anterior body wall muscles to 
open it. In Nephtys, the efficiency benefits of a wedged-shaped anterior body, 
which it uses so effectively for pushing into the sediments, are in fact further 
augmented by the mouth position. As its wedged-shaped prostomium drives 
forward it loosens the sediments into which it moves (crack propagation), 
making it easier for the initial downward entry of the anterior and everting 
flexible buccal tube. During the burrowing process, the head movements are 
initially side to side for sediment entry, but once buried the head takes on a 
slight down and up movement as it moves forward after proboscis retraction. 
With the head and upper body supported by sediment, the hydraulic force 
driving the buccal tube forwards gains an added benefit from this stabilised 
platform. The buccal tube at this stage is being inflated with coelomic fluid 
ahead of the pharynx.  
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Table 4. Comparison of mouth functions of polychaetes 
examined 
 
 
 
 
 
 
 
Polychaete  Anatomy  Opening  Closing  Opening 
Speed 
Axis of 
opening. 
ARENICOLA 
MARINA 
Directly 
anterior 
opening 
into 
buccal 
tube 
Forward 
rolling action 
of buccal 
mass around 
head coelom 
Relaxation 
of body wall 
muscles 
rolling 
buccal mass 
backwards. 
Very 
slow. 
Long 
axis of 
body 
HEDISTE 
DIVERSICOLOR 
Directly 
anterior 
opening 
into 
buccal 
tube 
Forward 
rolling of 
buccal tube 
with anterior 
relaxation of 
peristomium 
circular 
muscles.  
Contraction 
of “ring 
muscle” 
plus traction 
of inverting 
buccal tube 
by the 
anterior gut. 
Slow  Long 
axis of 
body 
NEPHTYS 
HOMBERGII 
Closed by 
angulated 
mouth 
plates. 
Complete 
circle of 
small 
muscles 
opening the 
mouth plates 
Relaxation 
of short 
circular 
mouth 
muscles and 
traction on 
buccal tube 
by retracting 
pharynx. 
Fast  45° to 
axis of 
body  
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7.2.2 THE BUCCAL TUBE 
The mouth leads to a buccal tube, which serves as the “eversible pharyngeal 
sheath” of the proboscis, in all three polychaetes, and lies between the 
mouth and pharynx. Figure 257, below illustrates the respective buccal 
tissues. The opening of the protruded pharynx, at the now proximal end of 
the buccal tube constitutes the physiological mouth and is provided with 
glandular papillae or jaws. 
 
7.2.2.1 ARENICOLA MARINA 
The buccal mass lies anterior to the pharyngeal tissue and inverts as the 
pharynx moves forward. Figure 257-1 (Figure 82 p.111) ( shows this 
relationship, whilst the SEMs of Figure 257-2 & 3 show the large backward 
pointing blunt conical teeth. The pharynx behind this has small papillae, and 
the post pharynx has rather larger papillae (Figure 257-1). The papillae are 
covered with a thin cuticle below which lie muscle fibres, interspersed with 
connective tissue and nervous tissue. They are covered by columnar 
epithelium containing numerous mucus cells (Ashworth, 1904). All of these 
tissues lie in front of the first septum, the ‘gular’ membrane, to which the 
retractor sheath is attached. Past detailed studies of proboscis anatomy and 
function have concluded that proboscis protrusion is dependent upon fluid 
pressure controlled by the first septum (Wells, 1952 & 1954, Dales 1962). It 
was found that if the polychaete is transected behind the first annulus and 
thus behind the first septum, it can still extrude its buccal mass and partial 
pharynx. This observation was also commented upon, for the first time, much 
earlier in 1948 (Wells, 1948) although he felt that no part of the pharynx was 
extruded. To be able to do this it was felt that the function of the body wall 
rolling around the head coelom was very important (Chapter 4). 
 7.2.2.2 HEDISTE DIVERSICOLOR 
The everted buccal tube has a ‘two layer’ appearance, with these tough 
cuticular lined tissues, separated by two grooves. The first is between the 
layers themselves and the second between the buccal tube and the 
peristomiun (Figures 257-4 & 109 -p.150). The tube is lined with cuticle 
containing small blunt teeth, the paragnaths (Figure 257-5), which help to  
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hold captured prey on proboscis inversion and are associated with glandular 
and sensory cells. Beneath the cuticular lining there is a thick muscular layer 
(Figure 257-6). In Nereididae, the structure of this sheath is more related to 
the body integument and sensory organs than to the gut (Saulnier-Michel, 
1992).  
 
Figure 257. Images of buccal tubes and tissue of the three 
polychaetes 
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7.2.2.3 NEPHTYS HOMBERGII 
 The buccal tube is unlike that of the previously described polychaetes in that 
it is much more flexible and also translucent. When the proboscis is fully 
everted the pharynx is visible through the everted tube and contained 
coelomic fluid (Figure 257-7). The SEMs of the everted and stretched buccal 
lining show a cuticle with an integrated ‘paving’ pattern of tissues (Figure 
257-9 & Figure 189 -p.233). This pattern of the cuticular lining would possibly 
impart the added flexibility and strength needed, of this tough tissue, to 
rapidly force its way out into the abrasive sand and sediment, ahead of it. It 
would also protect the emerging pharynx, during burrowing. 
 
Table 5. Buccal Tube comparisons 
 
POLYCHAETE  ANATOMY OF 
TUBE 
DRIVING 
FORCE 
SPEED 
ARENICOLA 
MARINA 
Cuticle, mucus 
glands, conical 
teeth and 
muscle 
Muscular  Very slow 
HEDISTE 
DIVERSICOLOR 
Cuticle, mucus 
glands, nerves, 
paragnaths and 
muscle 
Muscular  Slow 
NEPHTYS 
HOMBERGII 
Cuticle, nerves 
and mucus 
glands. 
 No teeth 
Hydraulic  Fast. 
 
7.2.3 THE PHARYNX.   
The pharyngeal anatomy of each of the three polychaetes, together with their 
function, is very different, and a table of comparisons is set out below. 
    
  315 
 
Table 6. A comparison of Pharyngeal Anatomy and Function 
in the three polychaetes 
ANATOMY AND 
FUNCTION 
ARENICOLA  
MARINA 
HEDISTE 
DIVERSICOLOR 
NEPHTYS 
HOMBERGII 
 
PHARYNX  Axial non-
muscular 
Axial muscular  Axial muscular 
AUGMENTING 
MUSCLES 
1-Retractor 
sheath.  
2-gular 
membrane. 
3-Anterior 
body wall 
muscles. 
1-Small 
protractor 
muscles (2 pair). 
2-Ring muscle. 
1-Protractor 
cuff muscles 
(12). 
ADDITIONAL 
LINING 
STRUCTURES  
1-Papillae 
containing 
muscle and 
nerves. 
1-Paragnaths 
(oral and 
maxillary rings). 
1-Large 
muscular 
papillae at 
physiological 
mouth. 
 
 
MUSCULATURE  1. Relatively 
thin layer of 
longitudinal 
and circular 
muscle under 
1-Very muscular 
organ with 
powerful muscles 
surrounding the 
vertical pharynx. 
1-Powerful 4 
segment 
tubular 
muscular body. 
2-“Dreieckigen  
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gut lining.  2-Musculature 
reinforced with 
embedded jaws. 
Muskelplatten” 
of Ehlers 
(Triangular 
muscle plates). 
3-Origins of 
oesophageal 
cuff muscles. 
4-Origin of 
VCM 
 
CHAMBERS  One  One  Two 
 
 
JAWS  None  One large pair 
(for food capture 
and crushing). 
Zinc predominant 
metal.  
One small pair 
(for grinding 
food and 
separation of 
the two 
pharyngeal 
chambers). 
Copper 
predominant 
metal. 
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ANATOMY AND 
FUNCTION  
A.MARINA 
(Cont.) 
H.DIVERSICOLOR 
(CONT.) 
N.HOMBERGII 
(CONT.) 
FUNCTIONS  1-Burrowing. 
2-Sensory 
when everted 
with sucking 
ability. 
3-supporting 
transit of 
ingested 
material with 
peristalsis and 
mucus 
secretion. 
1-Burrowing with 
proboscis 
eversion. 
2-Food capture 
with deeply 
inserted jaws. 
3-Crushing 
ability. 
1-Burrowing-
Fast and 
powerful 
proboscis 
eversion. 
2-Anterior 
chamber-
mucus 
secretion, food 
compression 
and 
fragmentation 
with circular 
movement of 
jaws. 
3. Crushing 
ingested 
material. 
4-Enzyme 
degradation. 
5-Ability to  
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suck in and 
regurgitate. 
 
 
SPHINCTERS  None    Posterior at 
oesophagus. 
Anterior and 
posterior. 
 
 
REGURGITATION  Not seen  Not seen  Seen 
 
LINING AND 
SECRETIONS 
Unciliated 
epithelium 
forming 
papillae with 
glandular and 
sensory cells. 
Cuticle lining and 
epithelium 
containing mucus 
cells. No 
enzymatic activity 
Epithelium 
compounded 
of epithelial 
cells and 
mucous 
glands. Cuticle 
lining-fibrous 
collagen layer 
with 
epicuticular 
mucous coat. 
Weak lipolytic 
activity 
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INITIATION OF 
EXTRUSION 
1-Body wall 
musculature  
 2-Gular 
membrane. 
1-Body wall 
musculature.  
2-Protractor 
muscles. 
1-Body wall 
musculature.  
2-Protractor 
cuff muscles.  
3- Ring of 
mouth muscles 
 
ANATOMY AND 
FUNCTION 
(Cont.) 
ARENICOLA 
MARINA 
(Cont.) 
HEDISTE 
DIVERSICOLOR 
(Cont.) 
NEPHTYS 
HOMBERGII 
(Cont.) 
 
MECHANISM OF 
EXTRUSION 
1-Anterior 
body wall 
muscles. 
2-Gular 
membrane. 
3-Coelomic 
fluid pressure 
1-Sequential 
contracture of 
anterior body wall 
muscles moving 
anteriorly behind 
pharynx 
1-Opening of 
mouth 
2-Protractor 
cuff muscles 
3- contraction / 
concertinaing 
of anterior 40 
body wall 
segments, 
attached to 
VCM and 
pushing 
pharynx 
forward  
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MECHANISM OF 
RETRACTION 
1-Relaxation 
of body wall 
segments and 
gular 
membrane 
1-Relaxation of 
body wall 
muscles 
releasing pharynx 
and tractioning 
on insertion 
(segment 20) of 
stretched 
oesophagus and 
stomach 
 
1-Reverse pull 
of protractor 
cuff muscles 
2-Relaxation of 
anterior body 
wall muscles 
causing 
traction on 
VCM insertion 
(segment 40) 
SPEED  Very slow  Slow  Fast 
 
EXTRUSION 
THROUGH 
ANATOMICAL 
MOUTH.  
Pharynx fully 
extruded and 
lining 
epithelium 
fully exposed 
Pharynx fully 
extruded and 
jaws exposed 
back to their 
insertion 
Pharynx fully 
extruded and 
surrounded by 
buccal tube 
with only 
papillae of 
anterior 
pharynx 
exposed 
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Table 3 reflects the differences, not only between the three polychaetes but 
also between the axial muscular pharynxes of the two errant polychaetes and 
the axial non-muscular pharynx of the more sedentary polychaete, Arenicola 
marina.  
There seems to be little doubt that the errant polychaete requires more 
power and speed, than its more sedentary counterpart. These are needed 
not only for burrowing and food capture but also to escape predation. It has 
also developed a more efficient and responsive mechanism for transmitting 
the body wall contractions to the pharynx. This direct muscular drive has 
replaced the slower and less responsive, indirect transmission of energy, via 
the hydraulic pressure of the coelomic fluid. We would suggest that in the 
case of H.diversicolor, this is done, by the direct muscular drive of the 
sequential contraction of the anterior wall segments and directly pushing of 
the pharynx forwards (Chapter 5). This system is faster, more direct and 
more powerful and can be sustained. It is independent of the rest of the body 
wall musculature, which can be used for grip when burrowing or shed in 
cases of predation.  
N. hombergii, is a much faster moving polychaete than H. diversicolor, with 
its powerful and almost explosive proboscis protrusion. Its pharynx also has 
a direct connection with the body wall via the Ventral Coelomic Muscle 
(Chapter 6). This allows the rapid concertina like contractions of the anterior 
coelom muscles to be directly transmitted to the pharynx with minimal loss of 
energy transmission. This produces the powerful and almost explosive 
proboscis eversion. 
Whilst the main function of the Hediste pharynx is primarily food capture, it 
also imparts a preliminary crushing action on ingested contents, before they 
pass into the oesophagus and stomach for enzyme degradation. The 
Nephtys pharynx could almost be described as a ‘food processor’. Ingested 
material is taken into the anterior pharyngeal chamber and subjected to initial 
compression and where regurgitation can take place. It then passes through 
the grinding process, as it travels through the rotating and chewing jaws in 
the junctional zone of the pharynx and on into the posterior chamber which is  
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closed by the powerful oesophageal sphincter at its distal end. Here it is 
further crushed when this large circular chamber, squeezes down and 
reduces its cylindrical cavity to a ‘cruciate crack’, by contraction of the four 
powerful muscular bodies that comprise the walls of this chamber. The juices 
produced, are mixed with mucus containing some lipases (Michel, 1971) and 
then passed through the oesophageal sphincter into the relatively short 
intestine. Here they are rapidly absorbed whilst any indigestible material 
passes quickly on through. The high quality nutriments are absorbed easily 
and any indigestible materials are excreted rapidly; hence the finding of most 
studies that the Nephtys gut is usually found to be empty. 
 
7.2.4 THE EFFECTS OF SURGERY UPON 
PHARYNGEAL FUNCTION 
Surgery on anaesthetised polychaetes has obviously been performed in the 
past, especially when worms were transected to look at functional anatomy 
or regeneration (Wells, 1954, Clark, 1965) or tubes and needles were 
inserted to measure intra-coelomic pressures (Trevor, 1977, Trevor, 1978, 
Seymour, 1971). 
Specifically targeted microsurgery was undertaken in an attempt to try to 
identify the specific role, of certain muscle groups, in the process of 
proboscis extrusion in N. hombergii. In addition, body transection was also 
performed to examine the role of the muscles of the body wall, in the 
absence of the hydraulic influence of coelomic fluid on proboscis extrusion in 
all three polychaetes. 
The video clips of the three polychaetes, having undergone the surgery are 
summarized in Tables 4 & 5, and are also shown in the Video-Appendices of 
the appropriate chapters. 
Both H.diversicolor and N. hombergii were able to extrude their full 
proboscises using the sequential contracture of the segmental body wall 
muscles with no involvement of the hydraulic effect of coelomic fluid. A. 
marina was only able to extrude the buccal mass, and not its pharyngeal 
tissue, using muscles alone.  
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Following microsurgical division on the pharyngeal protractor muscles of N. 
hombergii, it was not only unable to extrude its proboscis but it appeared 
unable to open its mouth. Division of the ventral coelomic muscle significantly 
reduced the power, strength and travel of the pharynx such that only the 
buccal tube everted with the anterior pharynx just visible at the anatomical 
mouth. 
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Table 7.The Effects of Body Wall Transection on Proboscis 
Extrusion 
POLYCHAETE  LEVEL OF 
SURGERY 
FUNCTIONS 
PRESENT 
FUNCTIONS 
ABSENT 
OTHER 
NOTED 
EFFECTS 
 
ARENICOLA 
MARINA. 
Behind first 
chaetigerous 
annulus 
(distal to 
gular 
membrane) 
Partial 
proboscis 
extrusion-
buccal mass 
only 
1.Pharyngeal 
protrusion 
2.Burrowing 
. 
HEDISTE 
DIVERSICOLOR. 
Behind 
oesophageal 
pouches-
(approx. 
segment 6) 
Full 
proboscis 
extrusion 
with jaws 
opening. 
 
 
Burrowing  Retraction 
possibly 
slightly 
slower 
NEPHTYS 
HOMBERGII. 
Behind 
pharynx. 
(Segment 20) 
Full but slow 
proboscis 
extrusion if 
body wall 
gripped 
behind 
pharynx. 
Burrowing  Slow 
retraction of 
pharynx 
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Table 8. The Effects of Surgical Division of Anterior 
Pharyngeal Structures of N.hombergii 
 
SURGERY  SURFACE 
MOVEMENTS 
 
INITIAL 
BURROWING 
COMPLETE 
BURROWING 
 
DIVISION OF 
PROTRACTOR 
CUFF MUSCLES 
Normal  1-Head 
movements 
normal  
2-unable to 
extrude 
proboscis 
despite 
segmental 
contractions 
 
 
 
Unable to 
burrow 
 
DIVISION OF 
VENTRAL 
COELOMIC 
MUSCLE (VCM) 
Normal  1-Head 
movement 
normal 
2-Slow but 
achieved 
3-Partial 
proboscis 
protrusion-
buccal tube 
only, with 
pharynx just 
visible at mouth 
 
 
 
Unable to 
burrow more 
than half its 
length.  
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 7.2.5 THE OESOPHAGUS, OESOPHAGEAL 
POUCHES AND STOMACH 
 
Table 9. Comparison of the Functional Anatomy of the 
oesophagus, pouches and stomach of A.marina, H. 
diversicolor and N. hombergii 
 
POLYCHAETE  OESOPHAGUS  OESOPHAGEAL 
POUCHES 
 
STOMACH 
 
 
 
 
 
ARENICOLA. 
MARINA 
Divided into 
three sections: 
 
1-Jugular region  
 
2-Muscular 
region both with 
cuticular lining 
 
3-Glandular 
region, mucus-
secreting 
epithelium 
together with 
pouches then 
enters stomach 
 
No sphincters 
Two present; 
  
1-Open into 
glandular region 
of oesophagus 
and lined with 
squamous 
epithelium 
 
2-Enzyme 
(amylase and 
protease) 
contents poured 
directly into 
oesophagus via 
short duct 
 
Two regions: 
 
1-Cardiac 
region; wide, 
adjacent to 
hearts and lined 
with ciliated 
cubital 
epithelium 
(phagocytic-
Kermack) & 
mucus 
secreting goblet 
cells 
 
2-Post-Cardiac 
region; x5 
larger than 1.  
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Ciliated 
grooved mixing 
chamber. 
No proximal or 
distal 
sphincters 
 
 
HEDISTE 
DIVERSICOLOR 
 
Very short (ref; 
5.3.2). Powerful 
sphincter 
muscle at exit of 
pharynx then 
enters 
“stomach” (ref; 
5.3.3) adjacent 
to oesophageal 
pouches 
Two present 
opening into 
proximal lateral 
stomach via 
short ducts. 
Main sources of 
extracellular 
digestive 
enzymes 
especially 
proteolytic 
enzymes 
1-Relatively 
short (5-6 
segments) 
 
2-Protected by 
proximal and 
powerful distal 
sphincters 
 
3-Muscular with 
very rich blood 
supply. 
 
4-Anchored 
distally to body 
wall 
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POLYCHAETE 
(Table 8 
continued) 
OESOPHAGUS  OESOPHAGEAL 
POUCHES 
STOMACH 
 
 
 
 
 
 
 
HEDISTE 
DIVERSICOLOR 
    Ventral body 
wall distally and 
stretches 
markedly with 
proboscis 
protrusion 
 5-  ? Assists 
with proboscis 
retraction. 
6  - Pouch 
enzyme 
secretions 
empty directly 
into stomach. 
7-  Exhibits 
reverse 
peristalsis to 
improve 
enzyme/food 
mixing and 
delay emptying 
8- Lining; 
glandular  
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epithelium 
within large 
papillae. 
 
 
 
 
 
 
NEPHTYS 
HOMBERGII 
1-Short and 
joining pharynx 
to intestine. 
 
2-Protected and 
assisted by 
powerful short 
muscles 
external to its 
outer wall ( 
Retensor). 
 
3-Functions as 
a powerful 
sphincter to 
close distal 
pharynx 
 
None  None. 
 
The powerful pharynx of N. hombergii, which acts as a food processor for 
ingested material, passes its contents directly into the intestine. A. marina 
has a large stomach for food processing whilst H.diversicolor has a relatively  
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small stomach, previously known as an oesophagus or oesophageal 
stomach, which although small, thoroughly mixes its contents by reverse 
peristalsis aided by two sphincters. With this mechanism and its powerful 
distal sphincter, ingested contents and pouch secretions are delayed exiting 
the stomach. This, subsequently, allows for better and more efficient 
intestinal absorption and further enzymatic treatment, during relatively fast 
transit through the straight intestine.  
 
7.3. SUMMARY OF NEW APPROACHES AND 
FINDINGS. 
The preceding chapters have documented some unique new approaches for 
the non-invasive investigation of the anatomy of soft-bodied marine worms 
and new micro-surgical approaches and techniques for identifying the 
specific functions and functioning of particular muscles and organs. These 
have resulted in a number of new ideas, as to how proboscis extrusion 
occurs in the two errant polychaetes studied, together with identification of an 
important new function and naming of a large muscle in Nephtys hombergii. 
Video evidence following dissections has revealed new details on stomach 
function in H.diversicolor. For the first time video recordings have been made 
of natural burrowing techniques, in sand, of all of the polychaetes. 
7.3.1 NEW APPROACHES DOCUMENTED 
1.  Mini-X-ray imaging to identify jaw and pharyngeal positions. 
2.   The development of micro-computed X-ray tomography (Micro-CT) as 
a non-invasive, non-destructive technique to study the anatomy of soft 
bodied marine worms. This included both living (anaesthetised) and 
sacrificed polychaetes. The technique was further developed to 
visually enhance certain, difficult to image, tissues using safe non-
toxic compounds such as barium solutions. 
3.   Micro-surgical approaches and wound repair to allow post-operative 
polychaetes to function normally.  
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4.  The use of microscope supported video recording to study organ and 
muscle movements in anaesthetised and dissected worms. 
5.  The use of video HD recording to study the natural burrowing 
techniques of the polychaetes studied. 
7.3.2 NEW FINDINGS 
•  Arenicola marina:  
o  Proposal of a new ‘pulley’ function for the head coelom in the 
initial stages of proboscis extrusion and video confirmation of 
buccal mass extrusion after total body transection behind the 
gular membrane. 
•  Hediste diversicolor: 
o  Video evidence of full proboscis extrusion following total body 
transection at segment 6 (level of oesophageal pouches). 
Demonstrating that coelomic fluid pressure plays no part in 
proboscis extrusion and suggesting a direct, body wall, 
muscular drive, for moving the pharynx powerfully forward. 
o  Video evidence of frequently noted reverse peristalsis when 
dissecting the stomachs of anaesthetised worms. 
•  Nephtys hombergii: 
o  Identification of the vital role of the 6 pairs of pharyngeal 
protractor cuff muscles. These are essential for the initiation of 
proboscis and mouth movements; without them the inverting 
buccal cavity cannot pass through the mouth and hence the 
proboscis cannot be extruded.  
•  Nephtys hombergii: 
o  Identification of a major new function for a previously unnamed 
anterior coelom muscle. This muscle has been named, the 
Ventral Coelomic Muscle (VCM). It has the important function 
of augmenting the powerful proboscis extrusion and retraction 
identified and documented.  
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o  Identification and description of the unique ‘piston mechanism’ 
that drives the pharynx forwards with enhanced speed and 
power. It is this mechanism that is responsible for the explosive 
nature of the proboscis extrusion and for making N. hombergii 
the fastest burrowing polychaete. This mechanism not only 
inflates the inverted buccal tube with coelomic fluid, ahead of 
the pharynx, during proboscis extrusion but also drives the 
coelomic fluid behind the pharynx, backwards, and over the 
pseudo septa. This in turn leads to an increase in the girth of 
the posterior worm and hence improves its body anchor into the 
sediment as the proboscis drives forward. 
 
7.4 CONCLUSIONS 
The importance of Micro-CT in the identification of the micro-anatomy of soft 
bodied marine worms is already being rapidly developed and utilized since 
our first imaging developments and publication (Dinley et al., 2010). This 
paper has already had eight citations (Merk, 2013, Ziegler et al., 2010, 
Lauridsen et al., 2011, Walker, 2011, Berquist et al., 2012, Pauwels et al., 
2013, Ball et al., 2011, Faulwetter et al., 2013a, Reußenzehn, 2010) 
The major challenge to the paradigm of proboscis eversion, in the errant 
polychaetes examined, is that such function can no longer be said to be due 
to coelomic pressure but to direct body wall muscular action. Coelomic fluid 
pressure undoubtedly plays a role in burrowing both in the stabilisation of the 
body integument and in its movement through the sediment. 
H. diversicolor and N. hombergii are two members of the same clade, 
considered to be sister taxa, that have evolved very different ways of 
handling prey. This relates not only to the functional anatomy of their anterior 
coeloms but also to their use of the power developed by their muscular body 
walls, both for speed and movements. This suggests that ecological 
specialisation has had an important influence on the development of the 
systems revealed.   
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Both polychaetes appear to be equally muscular but their muscular anatomy 
at both macroscopic and microscopic levels differs considerably. Whilst H. 
diversicolor has both longitudinal and segmental circular muscle layers 
throughout the length of its body wall, N hombergii lacks the circular muscle 
layer. Despite this lack of muscle layer, it appears to move faster and more 
vigorously than H. diversicolor. The other major differences are twofold; firstly 
N hombergii does not crawl across the sediment surface, as does H. 
diversicolor, which uses its parapodia to do so. Secondly and quite uniquely, 
its muscle fibres are packed with calcium phosphate granules. It is thought 
that these ‘granules’ confer a degree of rigidity on the body wall and assist in 
dorso-ventral stability (Bryan and Gibbs, 1986). Interestingly the parapodial 
muscles of Nephtys are less complex and numerous than those of Hediste 
which in turn are much less numerous than the complex and massive 
muscular apparatus of the parapodia of Aphroditidae which are only used for 
simple movements (Mettam, 1967, Mettam, 1971, Tzetlin and Filippova, 
2005). Whilst this perhaps gives Hediste the added ability to crawl, the 
simpler, and possibly more mobile parapodia of Nephtys make for more 
efficient use of its powerful and more rapid body movements when swimming 
and burrowing. 
 From the data produced by Tzetlin & Filippova, (Tzetlin and Filippova, 2005) 
and other authors (Mettam, 1985, Salensky, 1907, Storch, 1968, Tzetlin, 
1987, Tzetlin, 2002) it would seem that many polychaete taxa are 
characterised by the absence of circular muscles in the body walls. Absence 
of circular fibres has also been reported in Jennaria pulchra which has strong 
affinities to Annelida (Rieger, 1991) which suggests that lack of circular fibres 
in many polychaetes may be more common that once thought. 
 The absence of circular muscles in N. hombergii would allow the longitudinal 
body wall muscles to contract by a single, rapid and powerful concertinaing 
action, unhindered by the interspersed circular muscle layer. This should be 
compared to the rather slower, more progressive and sequential segmental 
contraction of the body wall of H. diversicolor produced by the combined 
action of the circular and longitudinal muscles. The rapid concertinaing action 
of the body wall of N. hombergii is augmented by the absence of intra-
coelomic septa in the anterior coelom and by only partial septa throughout  
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the rest of the body. In addition to all of this enhanced power of longitudinal 
body wall contraction, Nephtys has developed its inferior pharyngo–intestinal 
muscles to focus and make use of this contraction force by connecting the 
pharynx directly to the inferior anterior coelomic body wall using its Ventral 
Coelomic Muscle. This produces an ability to explosively extrude its pharynx 
for burrowing and hunting. It also makes additional use of its powerful body 
wall muscles to swim when hunting on the flood tides. These tide times are 
not available to the slower Hediste, which can only hunt on, ebb tides or from 
its burrow.  
 The very different ways in which the pre-intestinal preparation of ingested 
material is processed also shows significant differences between these sister 
taxa. Digestion in H. diversicolor involves post pharyngeal, pre-intestinal 
mixing with enzyme solutions from its oesophageal pouches in a dedicated 
‘stomach’ whilst this same process is carried out in N. hombergii in a two 
compartment crushing pharynx with advanced and perfectly opposed ‘teeth’ 
(jaws) which are actually capable of chewing! 
Current textbooks shed little light on the complex and diverse nature of the 
still imperfectly understood muscle systems of polychaetes. 
We have shown new ways, in which the body wall musculature and its 
developmental adaptions have, in their different ways, influenced the 
functional anatomy and lifestyle of two errant polychaetes of sister taxa. 
There now remains further work to be done on the functional relationship 
between the axial muscular pharynx and its associated structures and the 
muscles of the body wall in other taxa and species.  
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APPENDIX 1 
 
1.0 TECHNIQUE FOR CALCIUM SALT 
ASSESSMENT IN POLYCHAETE TISSUES 
 
Polychaete measured- weighed wet- dried- reweighed. 
Pharynx and VCM removed. 
Pharynx and VCM- weighed wet and dry- into foil container. 
Dried in fan oven at 70°C for 24 hrs. with foil case covered. 
Pharynx and VCM weighed:- Weight G. 
Pharynx and VCM placed in muffle furnace at 450°C, in covered foil 
container, for 24 hrs. 
Post-furnace; ash and material cooled in desiccator then weighed:- Weight D. 
Dissolved in 5mls. 1.N HCL for 12 hours. 
Solution filtered through Waterman fiberglass filter followed by washing 
container and filter bottles washed through with de-ionised water. 
Filter dried for 6 hrs. in fan oven at 70°C. 
Filter weighed:- Weight E. (Test filter weight T.) 
Calcium salt mass is: -  D – (E – T) = F. 
 Percentage of Calcium in tissues =  (F/G x 100). 
With each series of filters going into the post-filter drying a test filter washed 
with de-ionised water was included.  
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2.0 ENHANCEMENT SOLUTIONS USED IN 
MICRO-CT. 
2.1  BARIUM SULPHATE. 
 
Barium sulphate is biologically inert and due to its high molecular density is 
opaque to x-rays. It is used extensively in normal hospital radiological 
practice, as it is extremely safe substance in all dilutions, both to handle and 
ingest. 
The 98% w/w powdered barium sulphate used, in these investigations, was 
powder for suspension and human oral administration, as it completely 
dissolves in water at all temperatures. For experimentation 5% and 10% 
solutions were used where the powder was dissolved in filtered seawater.  
It was then: 
1.  Left in situ and the animal scanned.  
2.  Left for 10-15 minutes for it to settle in the gut mucosa and then the 
gut gently washed through with filtered seawater. This was to remove 
the bulk of the barium from the gut but leaving a fine mucosal coating 
sufficient to enhance the thin gut wall. 
 
2.2  IODINE BASED CONTRAST AGENT.  
 
Iohexol is a contrast agent sold under the trade name Omnipaque. It is a 
safe to handle, oily, injectable agent used in a concentration of 350 mgs/ml 
as a contrast agent in human coronary angiography.  It is a ready-prepared 
sterile pale yellow solution with an iodine content is 46.36%. 
Omnipaque was injected into either the coelomic cavity or the gut prior to 
micro-CT scanning. 
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 3.0 FIXATION, STAINS AND STAINING 
 
3.1 FIXATIVES FOR LIGHT MICROSCOPY. 
 
Bouin’s fluid –modified, used as routine fixative unless otherwise stated. 
 
Saturated aqueous solution Picric acid        75 cm
3 
Formalin (40%)              25 cm
3 
Glacial acetic acid                5 cm
3 
Urea                          10g/litre
-1 
The modification was the addition of Urea, which provides for better stain 
uptake, better tissue sectioning, and a reduction in tissue distortion. 
3.2 STAINS FOR LIGHT MICROSCOPY 
 
 3.2.1 Haematoxylin and Eosin Stain 
 
This staining procedure was used for the routine staining of paraffin wax 
sections. 
 
  Ehrlich’s acid haematoxylin (Ehrlich, 1886): 
 Haematoxylin                     2g. 
            Glacial acetic acid            10 cm
3. 
            Glycerol                          100 cm
3. 
            Absolute alcohol            100 cm
3. 
            Distilled
 water                100 cm
3. 
            Potassium iodate                0.2g. 
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  Eosin          Eosin (yellowish)                1g. 
            Absolute alcohol              100 cm
3. 
Dissolve the haematoxylin in the absolute alcohol with the aid of gentle heat 
(water bath) and then add the rest of the constituents. Leave overnight with 
excess potassium aluminium sulphate (alum). 
This produces a partially oxidized mixture, which will maintain its strength by 
gradual natural oxidation of the remaining haematoxylin. 
Filter before use. 
Technique 
Wax-embedded sections mounted on slides are: 
1.  Dehydrated through graded ethanol series to 70% alcohol. 
2.  Stained in haematoxylin until dark. 
3.  Washed with running water until specimens “blue”. 
4.  Differentiated in acidified 70% alcohol. 
5.  Wash in tap water. 
6.  ‘Blue’ in alkaline 70% alcohol. 
7.  Stained in 1% Eosin  
8.  Washed in tap water 
9.  Sections are then dehydrated through alcohol series to 100% ethanol. 
10. Sections are cleared in xylene and coverslips mounted. 
Results: 
Nuclei  -  blue/black 
Cytoplasm – shades of pink. 
Muscle fibres – red/deep pink. 
Fibrin – deep pink. 
 
3.2.2 MASSON’S TECHNIQUE (MASSON 1929) 
The success of this method devolves on the degree of differentiation of the 
ponceau-acid fuchsin by the phosphomolybdic acid. It is important to prolong  
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differentiation until the connective tissue is almost unstained. Aniline blue 
was used for the fibre stain. 
 
Solutions:- 
  Ponceau-acid fuchsin solution 
1% aqueous phosphomolybdic acid. 
Aniline blue solution. 
 
Technique: 
1.  Take section to water via xylene and ethanol. 
2.  Stain nuclei with iron haematoxylin solution. Differentiate and blue. 
Was with water. 
3.  Treat with the ponceau- acid fuchsin solution for 2-3 minutes. 
4.  Wash in water and differentiate in the phosphomolybdic acid solution. 
5.  Was with water. 
6.  Counterstain with aniline blue solution for about 5 minutes. 
7.  Wash, dehydrate, clear and mount.  
Results: 
Nuclei – blue/black. 
Muscle and fibrin – red 
Connective tissue blue. 
 
3.2.3 PASINI’S TRICHROME STAIN (FOR ELASTIC 
AND COLLAGEN). 
 
Solutions: 
1.  Alum haematoxylin. 
2.  Solution A:  
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      Phosphotungstic acid.        2g. 
      Distilled water          100 ml. 
3.  Solution B: 
      Eosin B            0.7g. 
      Acid fuchsin, sat. aqu.        4 ml 
      Unna’s elastic stain       35 ml 
      Glycerol            40 ml. 
      Ethanol, 50%          35ml. 
 
Technique: 
1.  Sections fixed in Bouin’s brought to water via xylene and ethanol. 
2.  Stain nuclei with alum haematoxylin nuclear stain. 
3.  Place in solution A for 10 minutes. 
4.  Rinse with distilled water. 
5.  Place in solution B for 15-20 minutes. 
6.  Rinse rapidly with 70% ethanol. 
7.  Dehydrate and differentiate with 100% ethanol. 
8.  Clear with Xylene and mount. 
Results: 
Nuclei – blue. 
Elastic fibres – purple. 
 
3.2.4 MSB – MARTIUS YELLOW BRILLIANT CRYSTAL, 
SCARLET SOLUBLE BLUE TECHNIQUE. 
This technique became popular for fibrin demonstration giving clear staining 
of both new and old fibrin. Muscle also stains red but more weakly than the 
fibrin. 
 
Solutions:  
  357 
1.  0.5% Martius yellow in 2% phosphotungstic acid in 95% alcohol. 
2.  1% brilliant crystal scarlet 6R in 2.6% acetic acid. 
3.  1% aqueous phosphotungstic acid. 
4.  0.5% soluble blue (synonym: aniline blue wash) in 1% acetic acid. 
 
   
Technique: 
1.  Dewax sections, rinse in alcohol, rinse in water. 
2.  Celestine blue - 5 minutes. 
3.  Wash in tap water. 
4.  Harris' haematoxylin - 5 minutes. 
5.  Wash in tap water - 1 minute. 
6.  Differentiate in acid alcohol (1% hydrochloric acid in 70% alcohol) - 10 
seconds. 
7.  Wash and blue in tap water - 5 minutes. 
8.  Rinse in 95% alcohol. 
9.  Shake excess alcohol from the slide. 
10. Stain in martius yellow solution - 2 minutes. 
11. Rinse the slide briefly in tap water on both sides, just enough to 
remove all the martius yellow. 
12. Rinse in deionised water. 
13. Stain in crystal ponceau solution - 10 minutes. 
14. Rinse in deionised water. 
15. Differentiate with 1% phosphotungstic acid - 5-10 minutes, or until most 
of the red dye comes out of the connective tissue. 
16. Wash in deionised water - 30 seconds. 
17. Stain in methyl blue solution - 2 minutes.  
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18. Rinse in deionised water. 
19. Dehydrate, clear and mount. 
 
Results: 
Fibrin – Red 
Muscle – Paler red. 
Nuclei – blue-black. 
Collagen – Blue. 
Examples are shown in Figure 258 below:  
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Figure 258. Special stains of Nephtys muscles. 
3.3 PREPARATION OF TEM SPECIMENS. 
 1-INSTRUMENTS 
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3.3.1 GENERAL TEM PREPARATION SCHEDULE. 
 
Method: 
1.  Main fixative             1 hour. 
2.  Buffer rinse                10 min. 
3.  Buffer rinse                10 min. 
4.  Post fixative                1 hour 
5.  Buffer rinse                10 min 
6.  Buffer rinse                10 min. 
7.  Brief rinse in water 
8.  2% (aq) Uranyl acetate            20 min. 
9.  30% Ethanol             10 min. 
10. 50% Ethanol             10 min. 
11. 70% Ethanol             10 min. 
12. 95% Ethanol             10 min. 
13. Absolute Ethanol              20 min. 
14. Absolute Ethanol              20 min. 
15. Acetonitrile                10 min. 
16. 50:50 acetonitrile: resin          Overnight. 
17. Resin                 6 hours. 
18. Embed in fresh resin and polymerise at 60°C      24 hours. 
Reagents: 
The main fixative used was 3% gluteraldehyde and 4% formaldehyde in 0.1 
M PIPES buffer at pH 7.2. 
The buffer used for rinsing specimens was 0.1 PIPES buffer at pH 7.2. 
Post fixative used was 1% osmium tetroxide on 0.1M PIPES buffer at pH 7.2. 
The osmolarity of the buffer and fixative was raised by the addition of 1% 
NaCl as all the specimens were of marine origin. 1-INSTRUMENTS 
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Precautions: 
 Osmium tetroxide is very toxic by inhalation, ingestion and through skin 
absorption. Goggles and gloves must be worn and a fume cupboard used 
 
3.3.2 FIXATIVES FOR TEM. 
 
Buffered 3% Glutaraldehyde: 
Dilution of 50% Glutaraldehyde with phosphate buffer was used:- 
 For 100 mls of fixative; 6 mls of 50% Glutaraldehyde were mixed with 94 mls 
of buffer to produce a 3% Glutaraldehyde solution. After preparation, the 
solution is brought to the appropriate temperature where it is ready for use. 
 
Preparation of 4% formaldehyde plus 3% Glutaraldehyde in 0.1 M PIPES 
buffer 
 
Method 
   
1. 
   
Mix 4g of paraformaldehyde with ca. 20 ml distilled water 
in a small beaker 
   
 
   
2. 
   
Heat to 85 
0C on a hotplate in the fume cupboard 
   
 
   
3. 
   
Add 2 drops of 1 M NaOH. Stir until the liquid clears  
   
 
 
4. 
 
Cool slightly and add 12 ml of 25% EM grade 
Glutaraldehyde 
 
 
   
5. 
   
Make up to 50 ml with distilled water 
   
 
   
6. 
   
Add 50 mls of 0.2 M buffer to produce 100 mls of 4% 
formaldehyde plus 3% Glutaraldehyde in 0.1 M PIPES 
buffer pH 7.2 
   
 
 
Precautions: 
Paraformaldehyde is Harmful by inhalation and ingestion. Wear gloves and 
use in a fume cupboard. 
 1-INSTRUMENTS 
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Formaldehyde is Toxic by inhalation and ingestion. Wear gloves and use in 
a fume cupboard. 
Glutaraldehyde is Harmful by inhalation, ingestion and on skin contact. 
Wear gloves and use in a fume cupboard. 
 
3.3.3 BUFFER PREPARATIONS. 
Preparation of Piperazine (PIPES) buffer 
 
Reagents 
  Piperazine-NN'-bis-2-ethanesulphonic acid (PIPES)  60.48 g 
  10 M sodium hydroxide (NaOH)   
 
Method 
1.  Mix the piperazine with 900 ml of distilled water   
2.  Add 10 M sodium hydroxide to bring the pH up to 7.2 (that 
normally used for EM fixatives) 
 
3.  Make up to 1l with distilled water to produce a 0.2 M solution of 
PIPES buffer 
 
 
Notes: 
The buffer can be divided up into suitable volumes and frozen until required. 
For marine specimens the osmolarity of the buffer can be raised by the 
addition of 1% NaCl or 14% sucrose to the 0.1M final solution 
When used for electron microscopy the buffer is used (with a few exceptions) 
at pH 7.2. 
0.1 M PIPES buffer, pH 7.2, has an osmolarity of approximately 230 mOsmol. 
0.2 M phosphate buffer has an osmolarity of approximately 325 mOsml. 
 
Hazards 
 
Piperazine-NN'-bis-2-ethanesulphonic acid may be an Irritant to the skin and 
eyes and may be Harmful by inhalation, ingestion and on skin absorption (it 1-INSTRUMENTS 
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has not been fully evaluated). Wear gloves and safety spectacles and use in 
a fume cupboard. 
 
Reference: (Hayat, 1986) 
 
Preparation of Sorensen’s phosphate buffer 
 
Reagents 
 
 
 
 
Disodium hydrogen orthophosphate (Na2HP04.2H20) 
 
35.61g 
 
 
Sodium dihydrogen orthophosphate (NaH2P04)   
 27.6 g 
 
Method 
 
 
1. 
 
Dissolve the disodium hydrogen orthophosphate components in 1l 
of distilled water to produce a 0.2M solution of dibasic sodium 
phosphate. 
 
 
 
2. 
 
Dissolve the sodium dihydrogen orthophosphate components in 1l 
of distilled water to produce a 0.2M solution of monobasic sodium 
phosphate. 
 
 
 
3. 
 
Prepare a 0.2M solution of phosphate buffer of the desired pH 
mixing x ml of the dibasic sodium phosphate with y ml of the 
monobasic sodium phosphate as shown below: (pH at 25°C)
 
 
 
 
 
pH  
 
5.8 
 
6.0 
 
6.2 
 
6.4 
 
6.6 
 
6.8 
 
7.0 
 
7.2 
 
7.4 
 
7.6 
 
7.8 
 
8.0 
 
x ml 
 
4.0 
 
6.1
5 
 
9.2
5 
 
13.
25 
 
18.
75 
 
24.
5 
 
30.
5 
 
36.
0 
 
40.
5 
 
43.
5 
 
45.
75 
 
47.
35 
 
y ml 
 
46.
 
43.
 
40.
 
36.
 
31.
 
25.
 
19.
 
14.
 
9.5 
 
6.5 
 
4.2
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0  85  75  75  25  5  5  0  5  5 
 
 
4. 
 
Alternatively, add y ml of the monobasic sodium phosphate to the 
whole litre of the dibasic sodium phosphate until the desired pH is 
achieved. For a pH of 7.2 you will need to add approximately 385 ml 
of the monobasic sodium phosphate.  
 
 
 
Notes 
The buffer can be divided up into suitable volumes and frozen until required. 
When used for electron microscopy the buffer is used (with a few exceptions) 
at pH 7.2. 
This buffer is suitable for use in immunocytochemical protocols. 
0.1M phosphate buffer, pH 7.2, has an osmolarity of approximately 240 
mOsmol. 0.2 M phosphate buffer has an osmolarity of approximately 420 
mOsml. 
 
Reference: (Glauert, 1975) 
 
3.3.4 STAINING FOR TEM. 
 
1% Toludine Blue with 1% Borax is used as a quick and easy stain for light 
microscope “orientation sections” to identify areas on the sections for TEM 
examination. 
 
Uranyl Acetate solution for staining grids. 
 
Reagents: 
Uranyl acetate. 
50% ethanol. 
 
Method: 1-INSTRUMENTS 
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The Uranyl acetate was placed in a centrifuge tube. The tube was then filled 
with 50% ethanol and left to stand in a refrigerator overnight. 
The stain produces a precipitate on exposure to light; it is therefore stored in 
the dark. 
NOTE: Uranyl acetate is highly toxic and is always handled wearing gloves 
and in a fume cupboard. 
3.4 IMMUNOFLUORESCENT LABELLING OF 
VIBRATOME SECTIONS 
 
Method 
 
1.  Cut sections and fix in 4% formaldehyde in 0.1 M PB pH 7.2    30 mins 
2.  Wash gently in 0.1 M PB                            3 x 5 mins 
3.  Permeablise in 0.1 M PB containing 0.4% Triton x100         6 hrs 
4.  Wash gently in 0.1 M PB                   3 x 5 mins 
5.  Incubate in primary antibody at suitable dilution   3 hrs / overnight 
6.  Wash gently on 0.1 M PB                   3 x 5 mins  
7.  Incubate in secondary biotinylated antibody at 1:200  
Dilution in 0.1 PB.                      1 hr 
8.  Wash gently in 0.1 M PB                   3 x 5 mins 
9.  Incubate in streptavidin linked fluorochrome at 1:1000 
dilution in 0.1 M PB                      1 hr 
10.  Wash gently in 0.1 M PB                   3 x 5 mins 
11. Gently absorb excess buffer with a tissue and mount with a cover slip 
in Mowiol and seal with nail varnish 
 
 
 1-INSTRUMENTS 
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4.0 THE RHYS-DAVIES EXSANGUINATOR. 
This very clever engineering principle of an inflated cylinder was developed 
by Rhys-Davies (1985) (Rhys-Davies and Stotter, 1985)  to slide up patients 
limbs to exsanguinate them prior to the application of a tourniquet, in 
preparation for surgery. 
 
 
 
Figure 259. The Rhys-Davies exsanguinator. 
 
The inner and outer walls are interconnected at their ends to form a 
continuous envelope. It can be filled with fluid or air under pressure so that it 
distends the outer wall and partially collapses the inner wall. The outer 
surface is smooth so that when a limb is inserted into the mouth of the 
cylinder it can roll along the limb with the inner and outer layers constantly 
changing place. The lower picture in Figure 90 shows the Exsanguinator in 
place having been rolled up the patients arm. Generally speaking the firmer 
the inflation, the easier it slides up the limb. Figure 91-1 shows a longitudinal 
section of the Exsanguinator showing the inner and outer walls in continuity. 1-INSTRUMENTS 
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When a limb is inserted at the first Red Arrow the Exsanguinator slides up 
the limb with the air or fluid between the walls acting as a flexible pulley, at 
both ends, allowing the outer wall to slide in over the limb at the point of 
insertion and the inner cylinder walls to flow out at the distal end to become 
exterior walls. 
 
Figure 260. Sagittal and transverse sections through the 
‘Rhys-Davies’ exsanguinator.  
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APPENDIX 2 – PHOTO 
 
1.  INSTRUMENTS 
2.  MINI X-RAY & MICRO-CT 
3.  ARENICOLA MARINA 
4.  NEREIS DIVERSICOLOR 
5.  NEPHTYS HOMBERGII 
6.  THE NEPHTYS PHARYNX 
 1-INSTRUMENTS 
  370 
 1-INSTRUMENTS 
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A2.1.1 GENERAL INSTRUMENTS 1 
 
 1-INSTRUMENTS 
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A2.1.2 GENERAL INSTRUMENTS 2 
 
 2-MINI X-RAY & MICRO-CT 
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A2.2.1 MINI X-RAY OF NEREIS JAWS 
 
   
DSCN1386-1 Nereis Worm 2 open 24 01 05_1 Nereis Worm 2 open 24 01 05 
2nd image
Nereis 23 8 06 X1.5_1 Nereis 23 8 06 X 3_1 Nereis3  2 06 05 x3 1st Scan 
3rd Worm
Nereis 2 24 01 05_1 Nereis 1 2 06 05 JAW x3 2nd 
Scan
Nereis 1 2 06 05 JAW x3 2nd 
Scan_1
nephtys 23 08 06 3rd image x1, nephtys 23 08 06 x3 nephtys 2nd worm 23 08 06  x3. 
2nd image2-MINI X-RAY & MICRO-CT 
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A2.2.2 MICRO-CT 1 
 2-MINI X-RAY & MICRO-CT 
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A2.2.3 MICRO-CT 2 
 
 
 3-ARENICOLA MARINA 
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A2.3.1   A. MARINA-DISSECTION ANATOMY 1 
 3-ARENICOLA MARINA 
 
  377 
A2.3.2  PROBOSCIS ANATOMY 1 
 
 3-ARENICOLA MARINA 
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A2.3.3  PROBOSCIS ANATOMY 2 
 
 
 
 
 
 
 
 
 3-ARENICOLA MARINA 
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A2.3.4 SEM- ANTERIOR GUT 
 
 
 
Arenicola anterior dissection 
with proboscis extruded.
Arenicola marina - Proboscis-
DSCN0017
Arenicola marina-outer 
pharyngeal wall and structures--
AMW-4
Arenicola marina - ant-lat ventral 
body wall -AMW-5
Arenicola marina - Buccal mass 
and diaphragm.--AMW-2
Arenicola marina-buccal mass--
AMW-6
Arenicola marina--AMW-8 Arenicola marina- anterior body 
wall---AMW-1 Arenicola marina--AMW-74-HEDISTE DIVERSICOLOR 
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A2.4.1 ANTERIOR GUT AND GELATINE SECTIONS 
 
 
Nereis diversicolor cartoon of anterior gut Nereis diversicolor
DSCF3634 ventral view T/S Buccal tube
T/S Stomach  T/S pharynx
 T/S stomach looking 
posteriorly
T/S distal stomach at 
sphincter
 Prox. intestine with gelatin Pharynx and stomach4-HEDISTE DIVERSICOLOR 
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A2.4.2 ANTERIOR BODY-ANATOMY 
 
 4-HEDISTE DIVERSICOLOR 
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A2.4.3 SEQUENTIAL T/S SECTIONS GUT-ANATOMY 
 4-HEDISTE DIVERSICOLOR 
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A2.4.4 MINI X-RAYS OF JAWS 
 
 5-NEPHTYS HOMBERGII 
  384 
A2.5.1 ANTERIOR-ANATOMY 
 
 5-NEPHTYS HOMBERGII 
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A2.5.2 PHARYNX-SECTIONAL ANATOMY 
 
 5-NEPHTYS HOMBERGII 
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A2.5.3 SECTIONAL ANATOMY AND MICRO-CT 
 5-NEPHTYS HOMBERGII 
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A2.5.4 ‘3D’ SEM HEAD AND ANTERIOR DISSECTION 
 
 5-NEPHTYS HOMBERGII 
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A2.5.5 CONFOCAL MICROSCOPY 
 
 5-NEPHTYS HOMBERGII 
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A2.5.6 HISTOLOGY SECTIONS 1 
 5-NEPHTYS HOMBERGII 
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A2.5.7 HISTOLOGY SECTIONS 2 
 
 5-NEPHTYS HOMBERGII 
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A2.5.8 VCM SECTIONS STAINED WITH TOLUIDINE 
BLUE 
 
 
 5-NEPHTYS HOMBERGII 
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A2.5.9 TEM OF NEPHTYS VENTRAL WALL AND 
MUSCLES 
 5-NEPHTYS HOMBERGII 
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A2.5.10 PHARYNGEAL FUNCTION 
 
 
 
 5-NEPHTYS HOMBERGII 
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A2.5.11 TEM X-RAY ANALYSIS OF VCM 
 
 
 
 
 
 
 
 6-  
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A2.6.1 THE NEPHTYS PHARYNX POSTER 
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APPENDIX 3 – DVD 
3.1 Photo Index 
 
3.1.1 MATERIALS (CHAPTER 2) 
1.  Dissecting microscope. 
2.  Dissecting microscope set-up. 
3.  Dissecting microscope with drawing and camera attachments. 
4.  Dissecting microscope arrangement with video camera. 
5.  Magnifying loops (x2.5). 
6.  Dissecting tray and polychaete holders. 
7.  Holder in situ. 
8.  Holder in position -2 
9.  Construction of dissecting tray. 
10. Dissecting tray. 
11. Mini instruments. 
12. Micro-instruments. 
13. Adapted safety pin self-retaining retractors. 
14. Pin retractors. 
15. Hypodermic needles and dissection pins. 
16. MS 222 anaesthetic.  
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17. Intubation tube attached to LUER fitting for syringe. 
18. Infusion syringe arrangement. 
19. Intubated H.diversicolor. 
20. Single retractors in situ. 
21. Burrowing video arrangement. 
22. LEO variable pressure SEM machine. 
23. SEM machine. 
24. Critical point drier. 
25. SEM metal coating system. 
26. TEM machine 
27. Microtome for TEM specimens. 
28. Microtome (enlarged). 
29. Microtome cutting block and glass knife. 
30. Glass blades. 
31. X-TEC Benchtop Micro-CT machine. 
32. X-TEC Benchtop Micro-CT machine. 
33. Confocal microscope. 
34. Confocal microscope (enlarged). 
35. Vibratome. 
36. Vibratome (different view). 
37. Pico pressure monitor and display. 
38. Pressure transducer and catheter attachment to Nereis. 
39. Electromyography instrument set-up. 
40. Electrodes in situ. 
41. GRASS muscle stimulator.  
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42. Freeze dryer. 
43. Furnace. 
44. Desiccator 
45. TUOHY epidural needle with catheter in situ. 
46. Angled ‘non-penetrating’ end of TUOHY needle. 
47. TUOHY needle, stylet and catheter. 
48. Epidural pressure catheter inserted into Nereis. 
49. Vacuum pump and filter. 
3.1.2 MICRO-CT (CHAPTER 3) 
1.  Benchtop X-TEC Micro-CT machine (160Xi). 
2.  Machine: X-TEC HMXST 225. 
3.  Control screens. 
4.  X-ray gun and mounted polychaete. 
5.  Multiple mount and detector screen. 
6.  Simple multiple mount. 
7.  Mounting tube, polychaete and wrapping foam. 
8.  Sagittal section Nephtys pharynx. 
9.   T/S section of Nephtys pharynx. 
10. Combined images of micro-CT compared with dissection. 
11. Nephtys jaws with body tissues removed; ‘Virtual dissection’. 
12. Nephtys jaws embedded in pharyngeal wall. 
13. Nereis diversicolor jaws. 
14. Sagittal section of anterior body of Nephtys. 
15. Section of Nephtys body with posterior part body wall removed.  
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16. Barium sulphate powder. 
17. Barium study; inferior view Nereis mouth to intestine. 
18. Barium study; Lateral view Nereis mouth to intestine. 
19. Barium study; Superior view Nereis mouth to intestine. 
20. ‘Living gut’ video still; Nereis gut with barium enhancement. 
21. Nereis intestine; video still- outlined and filled with barium. 
22. Nereis intestine with barium – lateral view. 
23. Nereis intestine; T/S view filled with barium. 
3.1.3 ARENICOLA MARINA (CHAPTER 4) 
1.  Arenicola marina. 
2.  Anterior Arenicola marina. 
3.  Arenicola marina–cartoon of basic anatomy. 
4.  Arenicola marina–SEM–Proboscis. 
5.  Full-length dissection. 
6.  Anterior section magnified. 
7.  Anterior section – further magnified. 
8.  Upper G.I.tract (labelled). 
9.  Oesophagus. 
10. Oesophageal pouches. 
11. Open dissection of oesophageal pouch. 
12. Proboscis extruded. 
13. Sagittal section of proboscis. 
14. Sagittal section of anterior body with pharynx retracted. 
15. Sagittal section proboscis extruded.  
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16. Sagittal section proboscis extruded  
17. Sagittal section showing head coelom compressed. 
18. Sagittal section of anterior body showing sand packed in 
oesophagus.  
19. Gular membrane shown in anterior dissection. 
20. Oesophagus opened. 
21. Oesophagus opened – higher magnification and labelled. 
22. Anterior gut wall and sections; a-c. (a-buccal/pharynx; b-pharynx 
and post pharyngeal ring; c- junction with oesophagus) 
23. Proboscis extruded to pharynx. 
24. Proboscis extruded to pharynx (magnified). 
25. Labelled dissection; mouth to stomach 
26. SEM; labelled anterior dissection. 
27. SEM; Anterior anatomy with buccal cavity opened (Mag. X36). 
 
3.1.4 NEREIS DIVERSICOLOR (CHAPTER 5) 
1.  Nereis diversicolor. 
2.  Nereis diversicolor – anterior body. 
3.  Nereis diversicolor on sand. 
4.  Nereis diversicolor – anatomy cartoon. 
5.  Group illustrating spectacular colours sometimes seen. 
6.  Head and mouth. 
7.  Prey view of extruded proboscis. 
8.  Dorsal view of extruded proboscis.  
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9.  Ventral view of extruded proboscis. 
10. Jaws–1. 
11. Jaws –2. 
12. Pharynx showing jaws and stomach. 
13. Opened dissected pharynx. 
14. Jaws in pharynx. 
15. Jaw embedded in pharyngeal muscle. 
16. Dissected buccal tube and pharynx. 
17. Opened pharynx, oesophagus and stomach. 
18. Pharynx, oesophageal pouches, stomach inside body cavity. 
19. Removal of dorsal body wall showing segmentation of mid. Intestine. 
20. Intestine distended with gelatin. 
21. Intestinal mucosa –1. 
22. Intestinal mucosa –2. 
23. Intestinal mucosa –3. 
24. Segmentation of intestine. 
25. Smooth bulbous nature of pharynx. 
26. Open dissection of pharynx and stomach. 
27. Opened pharynx – 2. 
28. Pouch trans illuminated to show glandular lining. 
29. Sagittal section of anterior body - 1. 
30. Sagittal section of anterior body – 2. 
31. Sagittal section pharynx and stomach in situ. 
32. Open pouch and stomach. 
33. T/S mid body.  
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34. Colour change of mucosa at junction of anterior and middle thirds of 
intestine. 
35. Open dissection of stomach and intestine. 
36. Oesophagus and stomach. 
37. T/S mid body showing coelomic cavity and intestine filled with gelatin. 
38. T/S sections of anterior body - pharynx - stomach & intestine. 
39. T/S body moving anteriorly from intestine to pharynx. 
40. T/S body at level of stomach looking anteriorly with pouches on either 
side. 
41. T/S body at level of distal stomach showing vascular stem. 
42. T/S body wall at level of stomach. 
43. T/S body wall through middle pharynx level. 
44. T/S body wall through middle pharynx level ( Slightly oblique showing 
outer body wall). 
45. T/S level of stomach looking anteriorly. 
46. T/S level of distal stomach at sphincter. 
47. T/S Level of proximal intestine. 
48. T/S mid. Body. 
49. Dissection of opened fore gut. 
50. Opened fore gut showing mucosa from jaws to intestine. 
51. Magnified junction of stomach and intestine with vessel of sphincter. 
52. Faecal tube - 1 (Peritrophic membrane). 
53. Faecal tube - 2 (Peritrophic membrane). 
54. Faecal tube - 3 (Peritrophic membrane). 
55. SEM- Head - Lateral view with proboscis extruded (Mag.x50).  
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56. SEM- Head – Anterior view proboscis extruded (Mag.x50). 
57. SEM- Base of jaw inserted through mucosa into pharyngeal muscle. 
58. SEM- Distal pharynx and pouches (Mag.x34). 
59. SEM- Proximal intestine (opened) and junction with stomach (closed) but 
showing valve entering intestine (Mag.x34). 
60. SEM- Proximal intestine (opened) and junction with unopened stomach 
but now looking anteriorly at valve (Mag.x34).  
61. SEM- View of sphincter of stomach from intestine (Mag.x85) 
62. SEM- Opened stomach (Mag.x27). 
63. SEM- Oesophageal sphincter leading into stomach Mag.x80). 
64. SEM- Pharynx mucosa and muscle (Mag.x60). 
65. SEM- Looking over opened pharynx and over unopened buccal tube 
(Mag.x60). 
66. SEM- paragnaths and pharyngeal mucosa (Mag.x800). 
67. SEM- Oesophageal sphincter and gastric mucosa (Mag.x100). 
68. SEM- Gastric mucosa (Mag.x200). 
69. SEM- Jaws and pharyngeal mucosa (Mag.x50). 
70. SEM- Oesophageal sphincter (Mag.x160). 
71. SEM- Paragnaths (Mag.x600). 
72. SEM- Section through pharyngeal cuticle and underlying muscle 
(Mag.x300) 
73. SEM- T/S pharynx showing pharyngeal cavity centrally and jaw insertions 
lateral to it (Mag.x60). 
74. SEM- distal pharynx showing cruciate nature of pharyngeal cavity 
(Mag.x50). 
75. SEM- T/S pouch looking proximally (Mag.x350).  
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76. SEM- T/S pouch wall (Mag.x950). 
77. SEM- composite pictures of progressive magnification of mid. intestine 
mucosa, pictures A-C. 
78. SEM- posterior intestine of worm during breeding season (A) and what 
looks to be a parasite in wall (B). 
79. Stain section-Stomach with Pasini stain x200. 
80. Stain section-Pouch with Pasini stain x50. 
81. Stain section-Oesophageal pouch Pasini stain x200. 
82. Stain section-Anterior third of intestine stained with H&E x200. 
83. Stain section-Stomach H&E stain x100. 
84. Stain section-Stomach H&E stain x 200. 
85. Stain section-Pouch H&E stain x 50. 
86. Stain section-Pouch H&E stain x 200. 
87. Stain section-Mid. Intestine MSB stain x200. 
88. Stain section-Anterior intestine Mason stain x 100. 
89. Stain section- Posterior intestine Mason stain x200. 
90. Stain section-Anterior intestine Pasini stain x200. 
 
3.1.5 NEPHTYS HOMBERGII (CHAPTER 6) 
1.  Nephtys hombergii. 
2.  Nephtys hombergii. 
3.  Nephtys hombergii. 
4.  Fractured Nephtys hombergii. 
5.  Mouth plates- closed.  
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6.  Mouth plates opening. 
7.  Mouth plates with anatomical mouth trans illuminated 
8.  Trans illuminated proboscis with shadow of pharynx. 
9.  Physiological mouth at end of extruded pharynx. 
10. Anterior body wall contraction associated with proboscis extrusion 
(1). 
11. Anterior body wall contraction associated with proboscis extrusion 
(2). 
12. Anterior body wall contraction associated with proboscis extrusion 
(3). 
13. Nephtys proboscis. 
14. Sagittal section of extruded proboscis (1). 
15. Sagittal section of extruded proboscis (2) showing elevation of head 
and dorsal anterior body wall. 
16. Angulation of part protruded buccal tube. 
17. Anterior dissection (1). 
18. Anterior dissection (2). 
19. Sagittal section of anterior body. 
20. Sagittal section pharynx. 
21. Nephtys proboscis with physiological mouth open. 
22. Anterior and part of posterior chambers of pharynx opened to show 
jaws. 
23. Pharynx opened to show physiological mouth and position of jaws. 
24. Pharynx opened to show jaws and part extruded buccal tube (1). 
25. Pharynx opened to show jaws and part extruded buccal tube (2). 
26. Pharynx opened to show jaws and part extruded buccal tube (3).  
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27. Pharynx opened to show jaws, rings of papillae and opened buccal 
tube. 
28. Pharynx, intestine ant Ventral Coelomic Muscle (VCM). 
29. Mid. Intestine. 
30. Mid. Intestine with vasculature. 
31. Empty mid. Intestine. 
32. Dissection for SEM–Buccal tube and mouth musculature. 
33. Dissection for SEM–Anterior protruded pharynx showing protractor 
muscles on stretch. 
34. Dissection for SEM–Pharyngeal dissection showing complete 
extruded pharynx and protractor muscles. 
35. Dissection for SEM–Posterior pharynx and the oesophagus 
surrounded by protective strap muscles. 
36. Dissection for SEM–Nephtys pharynx with jaws at entrance to 
posterior chamber. 
37. Dissection for SEM–Posterior compartment T/S of pharynx. 
38. Dissection for SEM– Protractor muscles with buccal tube sectioned 
39. Dissection for SEM–Protractor muscles with buccal tube sectioned 
(1). 
40. Dissection for SEM–Protractor muscles with buccal tube sectioned 
(2). 
41. Dissection for SEM–Protractor muscles with buccal tube sectioned 
(3). 
42. Mid. intestine (1). 
43. Mid. intestine (2). 
44. Anterior Pharynx and papillae (Physiological mouth).  
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45. Anterior pharynx and physiological mouth (2). 
46. Looking proximally into physiological mouth. 
47. T/S Pharynx and anterior coelom (1). 
48. T/S Pharynx and anterior coelom (2). 
49. T/S Pharynx and anterior coelom (1). 
50. T/S Pharynx and anterior coelom (2). 
51. Mini x-ray showing jaws in situ with pharynx retracted. 
52. -Mini x-ray showing jaws in situ with pharynx extruded. 
53. SEM–N. hombergii- mouth plates x131. 
54. -SEM–Physiological mouth and papillae x100. 
55. SEM–Pharynx and jaws. 
56. SEM- Buccal tube entering pharynx. 
57. SEM-Everted buccal lining and terminal papillae x66. 
58. SEM–Calcium phosphate granules in muscle fibres of Nephtys x 
3000. 
59. SEM-Ventral coelomic Muscle (VCM) stabilising plug into wall of 
intestine (segment 40) x70. 
60. SEM- T/S section of inferior pharyngeal wall musculature x380. 
61. SEM- Section of pharyngeal wall showing muscle patterns and 
calcium phosphate granules in muscle fibres x700. 
62. SEM-Longitudinal section of wall of pharynx x300. 
63. SEM-Outer wall of prox. Pharynx showing protractor muscle origin 
and ‘triangular muscles’ of Ehler (1868) x47. 
64. SEM-Cuticular lining of buccal tube x281. 
65. SEM-T/S pharynx showing perfect jaw apposition to allow ‘chewing’ 
x120.  
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66. SEM-Sagittal section of anterior body showing mouth, buccal tube 
and protractor muscles in resting position x30. 
67. SEM-Sagittal section, in situ, of buccal tube and anterior chamber of 
pharynx x30. 
68. SEM-Oesophageal sphincter x120. 
69. SEM- Posterior pharyngeal chamber, oesophageal sphincter and 
intestine x50. 
70. SEM- Posterior pharyngeal chamber, oesophageal sphincter and 
intestine x45. 
71. SEM- T/S section through lower half of pharynx showing muscle 
patterns x220. 
72. DISSECTION–T/S section of posterior pharyngeal chamber. 
73. MICRO-CT– T/S section of posterior pharyngeal chamber showing 
muscle patterns not visible in dissection of Figure72. 
74. SEM-T/S section of distal third of pharyngeal chamber approaching 
oesophagus; strap muscles seen dorsally x140. 
75. SEM-VCM plug into proximal intestinal wall (1) x95. 
76. SEM-VCM plug into proximal intestinal wall; T/S & sagittal sections 
x60. 
77. SEM-T/S lower body to show ventral longitudinal muscles. 
78. SEM-N. hombergii ‘head on’ view (1) x35. 
79. SEM-N. hombergii ‘head on’ view -3D (2)  x35. 
80. SEM-N. hombergii ‘head on’ view(3)  x65. 
81. SEM-N. hombergii ‘head on’ view (4) -3D x65. 
82. SEM- T/S section through anterior body and buccal tube in 3D x37. 
83. SEM– Buccal tube and protractor muscles in 3D x12.  
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84. -SEM-Pharynx extruded with buccal tube removed x12. 
85. SEM-Pharynx extruded with buccal tube removed x12. 
86. SEM-Pharynx extruded with buccal tube removed in 3D. x12. 
87. SEM-Muscle fibres filled with calcium phosphate granules x3000. 
88. SEM- T/S section of pharyngeal muscle fibres filled with calcium 
phosphate granules x3000. 
89. CONFOCAL -Muscle patterns in sagittal section of pharyngeal wall. 
90. Histology-Nephtys Prox. intestine H&E stain x100. 
91. Histology-Prox. intestine H&E stain x 200. 
92. Histology-Prox. Intestine H&E stain. x 200. 
93. Histology-Prox. intestine H&E stain. x 400. 
94. Histology-Mid.intestine H&E stain. x100. 
95. Histology-Mid.intestine H&E stain x200. 
96. Histology-Mid.intestine H&E stain x400. 
97. Histology-Mid.intestine H&E stain. X100. 
98. Histology-.Mid.intestine H&E stain. x200. 
99. Histology- Mid.intestine H&E stain x400. 
100.  Histology-Dist. intestine. H&E stain x100. 
101.  Histology- Dist. intestine H&E stain x400. 
102.  Histology- Dist. intestine H&E stain x200. 
103.  Histology- Dist. intestine H&E stain x100. 
104.  Histology- Dist. intestine H&E stain x 200. 
105.  Histology- Dist. intestine H&E stain x 400. 
106.  Histology- Pharynx fast nerve fibre H&E stain x 400. 
107.  Histology- T/S pharynx H&E stain.  
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108.  Histology- T/S Wall of pharynx + Nerve fibre x100. 
109.  Histology- Nerve fibre H&E stain x 250. 
110.  Histology- Pharynx corner wall. H&E stain. x300. 
111.  Histology- Pharyngeal wall. MSB stain. x100. 
112.  Histology- Pharynx-giant nerve fibre. MSB stain. x400. 
113.  Histology- VCM. MASON stain x200. 
114.  Histology- VCM. MSB stain. x100. 
115.  Histology- Dorsal longitudinal muscle. MSB stain. x 50. 
116.  Histology- T/S pharyngeal wall. MSB stain x400. 
117.  Histology- Pharyngeal wall. MASON stain x200. 
118.  Histology- Pharyngeal wall. MASON stain x100. 
119.  Histology- Pharyngeal wall. MASON stain x200 
120.  Histology- Pharyngeal wall. MSB stain x150. 
121.  Histology- Pharyngeal wall. MSB stain x250. 
122.  Histology- Pharyngeal wall. MSB stain x150. 
123.  Histology- Pharyngeal wall. MASON stain. x200. 
124.  Histology- Prox. intestine. Diff. stains. (A-H&E; B- Mason; C&D-
MSB). 
125.  MICRO-CT: Fly-Through images of T/S sections of pharynx. 
Magnified images follow:- 
126.  MICRO-CT: Progressive T/S sections of Nephtys pharynx:   (A-
Mouth). 
127.  B-anterior compartment. 
128.  C-Jaws & junctional area. 
129.  D-Ant. 1/4 of posterior compartment.  
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130.  E- Middle of posterior compartment. 
131.  F- Posterior ½ of posterior compartment. 
132.  G- Rear ¼ of posterior compartment. 
133.  H- Oesophageal sphincter. 
134.  MICRO-CT: Pharyngeal teeth -Soft tissues digitally removed. 
135.  MICRO-CT: Pharyngeal jaws (teeth) with anterior wall of pharynx 
digitally removed. 
136.  Comparison of methods of anatomical display;                   A-
dissection, B-Micro-CT and with C-SEM. 
137.  Force vectors of contracting pharynx. 
138.  Micro-CT: Body of Nephtys—three quarter view with rear body wall 
partially removed by ‘digital dissection’. 
139.  TEM- VCM T/S section relaxed; showing muscle banding and 
positions of calcium phosphate granules. 
140.  TEM-VCM T/S section relaxed. 
141.  TEM- VCM T/S section relaxed. 
142.  TEM- VCM T/S section relaxed. 
143.  TEM- VCM T/S section relaxed. 
144.  TEM-VCM T/S section relaxed. 
145.  TEM- VCM T/S section relaxed. 
146.  TEM- VCM T/S section relaxed. 
147.  TEM- VCM T/S section relaxed. 
148.  TEM-VCM T/S section relaxed. 
149.  TEM-VCM T/S section relaxed. 
150.  TEM- VCM Longit.section relaxed.  
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151.  TEM- VCM Longit. section relaxed. 
152.  TEM- VCM longit. section relaxed. 
153.  TEM- VCM longit. section relaxed. 
154.  TEM- VCM longit. section relaxed. 
155.  TEM- VCM longit. section relaxed. 
156.  TEM- VCM longit. section relaxed. 
157.  TEM- VCM longit. section relaxed. 
158.  TEM- VCM longit. section relaxed. 
159.  TEM- VCM longit. section relaxed. 
160.  TEM-contracted VCM proboscis extended. 
161.  TEM-contracted VCM proboscis extended. 
162.  TEM-contracted VCM proboscis extended. 
163.  TEM-contracted VCM proboscis extended. 
164.  TEM-contracted VCM proboscis extended. 
165.  TEM-contracted VCM proboscis extended. 
166.  TEM-contracted VCM proboscis extended. 
167.  TEM-contracted VCM proboscis extended. 
168.  TEM-VCM relaxed. 
169.  TEM-VCM relaxed. 
170.  TEM-VCM relaxed. 
171.  TEM-VCM relaxed. 
172.  TEM-VCM relaxed. 
173.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
174.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
175.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded.  
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176.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
177.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
178.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
179.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
180.  Toluidine Blue stain-VCM- Longitudinal section-proboscis extruded. 
181.  TEM-Nephtys ventral wall and muscle. 
182.  TEM-Nephtys ventral wall. 
183.  TEM-Nephtys ventral wall. 
184.  TEM-Nephtys ventral wall and muscle. 
185.  TEM-Nephtys ventral wall and muscle. 
186.  TEM-Nephtys ventral wall and muscle. 
187.  TEM-Nephtys ventral wall muscle. 
188.  TEM-Nephtys ventral wall muscle. 
189.  TEM-Nephtys ventral wall muscle. 
190.  TEM-Nephtys ventral wall muscle. 
191.  TEM-Nephtys ventral wall muscle. 
192.  TEM-Nephtys ventral wall muscle. 
193.  TEM-Nephtys ventral wall muscle. 
194.  TEM-Nephtys ventral wall muscle. 
195.  TEM-Nephtys ventral wall muscle. 
196.  TEM-Nephtys ventral wall muscle. 
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3.2 Video Index 
 
3.2.1 MICRO-CT (CHAPTER 3) 
1.  H.diversicolor - Jaw rotation. 
2.  N. hombergii -  Rotating sagittal section of pharynx. 
3.  N. hombergii - Anatomical “fly through” of pharynx. 
4.  H.diversicolor - Rotating intestine enhanced with barium sulphate.  
 
3.2.2 ARENICOLA MARINA (CHAPTER 4) 
1.  Buccal mass extrusion with body sectioned behind gular membrane. 
2.  Proboscis action preparing to burrow. 
3.  Burrowing and exploring. 
4.  Dissection in sagittal section. 
5.  Proboscis extrusion with body sectioned at level of distal oesophagus. 
 
3.2.3 HEDISTE DIVERSICOLOR (CHAPTER 4) 
1.  Jaw action with extruded proboscis. 
2.  Entrenching and burrowing. 
3.  Proboscis extrusion with body sectioned at segment 6.  
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4.  Proboscis extrusion (1) with body sectioned at segment 6 
together with functional dissection of pharynx. 
5.  Proboscis extrusion (2) with body section at segment 5. 
6.  Micro-CT - Rotating analysis of jaws with soft tissues digitally 
removed. 
7.  Stomach peristalsis (1).  
8.  Stomach peristalsis (2). 
9.  Micro-CT – Rotating analysis of segment of intestine filled with 
barium  
10. Micro-CT – Anaesthetised worm with gut enhanced with dilute 
barium sulphate. 
 
3.2.4 NEPHTYS HOMBERGII (CHAPTER 6) 
1.  Polychaete swimming 
2.  Burrowing from surface. 
3.  Burrowing under 10 cms. of sediment. 
4.  Jaw movements in pharyngeal dissection (1) -‘Chewing jaws’.. 
5.  Jaw movements in pharyngeal dissection (2). 
6.  Micro-CT – Rotating analysis of jaws and pharyngeal contents 
with soft tissues digitally removed. 
7.  Action of pharyngeal protractor cuff muscles pulling pharynx 
forwards (mouth pinned in dissection). 
8.  Anterior body dissection. 
9.  Cartoon depiction of pharyngeal muscular contraction and 
“crushing” closure of posterior pharyngeal chamber.  
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10.  Micro-CT – “fly-through” demonstrating internal and muscular 
anatomy of pharynx. 
11.  Confocal 3D rotating images of muscular wall of pharynx 
showing interlacing pattern of muscle fibres and calcium 
phosphate granules. 
12.  Illustration of speed of proboscis extrusion followed by anterior 
coelom functional dissection illustrating protractor muscle function. 
13.   Pharyngeal regurgitation 
14.   Proboscis extrusion with body section at segment 20. 
15. Post surgery – attempted burrowing following division of 
pharyngeal protractor cuff muscles. 
16.   Post surgery – burrowing following division of ventral coelomic 
muscle. 
17.   Demonstration of muscle contractions with electrical stimulation. 
18.   Air bag principle of power magnification with compressed air 
input. 
19.   ‘Biomimetics’ – the ‘Grundomat’ mechanical burrowing machine. 
20. Nephtys hombergii burrowing from surface showing no side-to-
side movements of anterior forty segments (anterior coelom) 
when attempting to burrow. Later with upper body vertical using 
body weight to aid penetration. 
21.   Nephtys hombergii swimming and burrowing near Nereis 
diversicolor and then rapidly backing when Nereis is disturbed. 
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Summary
The detailed examination of the internal and functional
anatomy of soft-bodied marine worms has, until now, only
been possible using the time consuming and destructive
techniques of dissection, histology and electron microscopy.
This is the first description of soft body morphology in
polychaetes (Nephtys hombergii) derived by means of a bench-
top X-ray micro-CT scanner. The data are augmented, for
comparison,bydissections,microscopyandscanningelectron
microscopy of the same species to show how this non-
destructive technique can rapidly and reliably produce high-
quality morphological data. It can also be applied to rare
or unique invertebrate soft tissue material from museum
collections and also to large-scale invertebrate comparative
anatomical studies possibly leading to greater evolutionary
and taxonomic understanding. High-definition images were
obtained without the use of special tissue enhancing stains or
radio-opaque fluids and it is believed that this is the first time
the technique has been successfully applied to this group of
invertebrates.Extrapolationofthesectionalimagingofregions
of the gut and the production of three-dimensional rotating
and ‘fly-through’ imaging can assist in assessment of aspects
of functional anatomy.
Correspondence to: John Dinley. Tel: +44 (0)120 265 9980; fax: +44 (0)120 265
9980; e-mail: rrjd@noc.soton.ac.uk
Introduction
Accurate knowledge of the internal anatomy of soft-
bodied invertebrates is a vital component in understanding
phylogenicrelationships,aswellasfunctionalanalyses(Clark,
1962; Storch, 1968, 1969; Weitbrecht, 1984; Fauchald &
Rouse, 1997).
Traditional techniques for investigating internal
morphology require either dissection or the production
of serial sections from embedded specimens. The former
gives very good three-dimensional (3D) information about
the specimen’s anatomy, whereas the latter gives very high
two-dimensional (2D) resolution and can be combined with
computer-aided reconstruction to supply 3D information
about the sample’s fine anatomy. However, both techniques
are very time consuming and highly destructive so that
comparisons between new or rare species must be restricted
to descriptions of external morphology unless the internal
anatomy of the reference species has been described
previously.
In micro-computed X-ray tomography scanning (micro-
CT), the X-ray source remains stationary producing a conical
X-ray beam, within which the object being scanned rotates.
The resulting magnified images are received onto a detector
screen. Figure 1 is a schematic diagram of a micro-CT system
illustrating the fixed X-ray source, the conical beam passing
through the rotating stage containing the specimen being
scanned and the resulting magnified image being thrown
C   2009 The Authors
Journal compilation C   2009 The Royal Microscopical Society2 J. DINLEY ET AL.
Fig.1. Schematicdiagramofamicro-CTsystemshowingtheX-raysource
producingtheconicalbeamontothedetectorscreenthroughtherotating
specimen.
onto the detector screen. Figure 2A is this layout seen in the
X-Tec Benchtop scanner. The images are then reconstructed
by computer into a 2D or a 3D format.
Micro-CT is widely used in the biomedical and engineering
sciences to image electron dense materials such as bony
skeletons or the hard exoskeletons of invertebrates can be
imaged easily with micro-CT and without the need for special
preparation. Conventional absorption contrast imaging of
biological material has, for example, been demonstrated on
teeth (Jung et al., 2005), in the 3D demonstration of renal
microvasculature in rodents (Bentley et al., 2002), and in
investigationsofintrauterineboneandosteoporosis(Lanham
etal.,2008).Inthefieldofmarinebiology(Stocketal.,2003),
used micro-CT for quantifying stereom structures applied to
ossicles of the sea urchin Lytechinus variegatus.
Althoughsub-micronhigh-definitioninsectanatomyusing
synchrotron-based tomography facilities has been elegantly
demonstrated by Betz et al. (2007), the cost, access time and
proposal competition for these facilities means that they are
simplynotavailabletothemajorityofthescientificcommunity
for routine tasks such as rapid anatomical investigations.
Electron dense materials soft-bodied invertebrates are
potentiallythemostdifficultbiologicalspecimensofalltoscan
astheirinternaltissuedensitiesareminimallydifferentandthe
tissuesthemselvesverycloselyapproximated.Thisisespecially
true of the aquatic invertebrates, in which there are often no
air spaces.
Soft tissue boundaries can be enhanced using contrast
media such as iodiated agents for intraperitoneal organs
(Ritman, 2002), barium sulphate for lungs (Ritman, 2004),
bromine and xenon for brain tissue (Gonzalez et al., 1986),
tumours and fatty tissues (Hildebrandt et al., 2002).
Specific soft tissue enhancement using special high
molecular weight stains to augment layer contrast in soft
tissues has been shown to be effective. Osmium tetroxide
staining was used by Johnson et al. (2006) for micro-CT of
mouseembryos.ThistechniquewasfurthermodifiedbyNickel
(2006) to investigate the structure of a marine sponge, and
again by Golding and Jones (2007) in the scanning and 3D
reconstruction of molluscan anatomy.
Thispapersetsouttodemonstrate,forthefirsttime,thatnot
only can invertebrate soft tissues be imaged with a modestly
priced bench-top type micro-CT scanner down to a resolution
of 10–12 micrometres but that it can also be done without
the need for chemical enhancement of these tissues. The
paper represents a further advance in soft tissue visualization
followingtheobservationsbyCnuddeetal.(2008)whenthey
feltthatthedifficultiesofgoodvisualizationofsofttissuescould
only be overcome by using a contrast medium.
All the work presented here was obtained without the use
of contrast agents and on the X-Tec CT 160Xi μCT machine
that had an ultimate resolution limit ± 10 μm.
The polychaete described in this study is Nephtys hombergii
Savigny, 1818.
Materials and methods
SpecimensofthemarinepolychaetespeciesNephtyshombergii
werecollectedfromthesandsofPooleBayinDorset.Onreturn
to the laboratory, they were anaesthetized in a solution of
MS222 and seawater, fixed in Bouin’s solution and scanned
within 2–24 h of preparation. Older specimens previously
prepared and preserved in 70% alcohol were also used.
Specimens were scanned in vertical glass or plastic tubes
(5–15 mm diameter) and held in place inside the tubes by
either the close confines of the tube or, for some of the larger
specimens, by being rolled up in absorbent paper soaked in
70% alcohol and fitted into the appropriate size tube. For
accurateimaging,itwasimportantthatthespecimensrotated
about the axial centre line did not move within the tube for
the duration of the scan. The scanning time could be in the
order of minutes to several hours, subject to obtaining, by
experimentation,thebestpossibleimagequality.Thedifficulty
of introducing a soft-bodied worm with delicate appendages
into a narrow tube was overcome by the application of gentle
suctiontothedistalendofthetubeafterthefirstfewmillimetres
of the specimen had been inserted into the proximal end. A
length of cotton tied around the tail and fixed in the end of
the tube by a silicone plug provided additional stability of the
specimen against downward drift.
Specimensmaybepreservedandkeptinthetubeswithany
appropriate preservative solution; in this study, 70% ethanol.
Theliquidpreservativesolutionswereremovedfromthetubes
for the duration of the scans as scanning was best performed
withthespecimensurroundedbyairtoenhancecontrastatthe
outer tissue interface. Fluid removal and refilling of the sealed
tubes was performed using a hypodermic syringe and fine
needle inserted through the silicone rubber plug. The needle
holes were resealed with fresh silicon rubber.
Each specimen tube was held in a customized metal holder
(Fig.2B)andthenmountedverticallyontherotatingplatform
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Fig.2. (A)LayoutoftheX-ray‘gun’,rotatingstageanddetectorscreenoftheX-TecBenchtopScanner.(B)Specimentubeandholdersforrotatingstage.
(C) Specimen tube mounted on rotating stage.
of the scanner (Fig. 2C). Specific limiting criteria for the
machinewerenotaproblemwhenscanningthesesoft-bodied
marine worms. When mounted in the tubes, their overall
dimensions were smaller than the detector (1200 mm ×
1200 mm) and the machine had a maximum specimen
scanning weight of 5 kg. With careful adjustment of voltage
andcurrent,variouspotentialartefactssuchas‘cupping’,‘ring
artefacts’ and edge streaks were kept to a minimum.
The polychaetes were scanned using an X-Tek Benchtop
160Xi scanner (X-Tek Systems Ltd, Tring, Hertfordshire, UK)
equipped with a Hamamatsu C7943 X-ray flat panel sensor
(Hamamatsu Photonics, Welwyn Garden City, Hertfordshire,
UK).
Allscanswereperformedatabeamacceleratingvoltageand
currentof60kVand70μArespectivelyusingamolybdenum
target and 4× digital gain. Initial scanning times were in the
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Fig. 3. (A) Nephtys hombergii; illustrating internal structures of the
anterior worm. (B) Magnified image of anterior segments and internal
structures of the worm.
order of 3–4 h based on ∼1700 radiographic projections and
an individual exposure time of ∼2s .
Filtered back projection using the standard FDK algorithm,
as described by Feldkamp et al. (1984), yielded reconstructed
volumeimagesthatwereanalyzedusingVG-StudioMaxV.2.0
software developed by Volume Graphics GmbH, Heidelberg,
Germany.
Results
The pharynx of the Nephtyidae is an axial muscular
proboscis, which has a terminal papillose ring and additional
longitudinalrowsofpapillaeontheevertedproboscissurface.
A single pair of jaws is present inside of the pharynx and at
the junction of its anterior and middle thirds. The jaws are
only normally visible at dissection. These together with the
anterior position of the pharynx are shown in the diagram of
N. hombergii (Fig. 3A, enlarged in Fig. 3B).
Anatomy of the pharynx of Nephtys hombergii
Micro-CT can provide cross-sectional views, which are
comparable to dissected cross-sections as shown in Fig. 4
Sections ‘a to h’ are the micro-CT transverse sections at the
illustrated positions shown in the full sagittal section of the
pharynx above them. This type of micro-CT sectioning was
described by Johnson et al. (2006) as ‘virtual histology’.
Both the micro-CT sections and the dissected cross-
sections show morphological details such as the posterior or
‘compression’ chamber and how the four muscle groups of
this chamber come together in a cruciate pattern to crush the
food intake. The almost completely closed chamber is shown
in section five of the micro-dissection.
Figure 5A is a micro-dissection of the posterior third of the
pharynxopenedtorevealwhatappearstobefourhomogenous
muscle groups (PWS) around the central chamber.
Figure 5B shows the differentiation of these muscle groups in
thewallsoftheNephtyspharynxusingmicro-CT.Theapparent
homogenous, thick muscle segments in the four quadrants of
the pharynx in Fig. 5A (PWS) are actually seen to consist of
multiple layers of fibres with the most densely packed layers
closest to the central chamber in Fig. 5B (OPM + IPM).
Using scanning electron microscopy (SEM) to validate
the micro-CT images shows the reliability of the technique.
Figure6comparesthedifferencesinmuscledefinitionbetween
micro-dissection (A), micro-CT (B) and scanning electron
microscopy (C). Micro-dissection gives a good overview of the
general muscular anatomy of the pharynx of N. hombergii.
Micro-CT shows the relative densities of the groups of muscle
fibres and some of the muscle patterns. The vertical fibres of
the middle pharyngeal muscle layer (MPM) are easily seen as
vertical white lines, whereas the more densely packed fibres
of the inner pharyngeal muscle layer (IPM), comprising of
transverse, vertical and oblique fibres, are seen as a much
denser white layer. The SEM view of section C shows a
much magnified block of muscle from the pharyngeal wall
represented in section B by the ‘box C’ area of the superior
pharyngeal wall. This reveals the mixed fibres of the IPM
and the bundles of vertical muscle fibres interdigitating with
the less numerous transverse fibres, which gives the vertical
‘banding’ appearance seen in the micro-CT image.
3D anatomy of Nephtys hombergii through segmentation
of the micro-CT data sets
Segmentation in 3D data sets refers to the ability to take the
dataandteaseitapart,removing,forexample,asingleregion
of interest (ROI), which has been rendered as a 3D virtual
object.Thisobject(orobjects)canthenberotatedtoviewfrom
differentorientations,orsectionedtoviewinternalstructures.
This process is sometimes also be termed ‘digital dissection’
and is particularly useful to examine specific aspects of any of
the scans, where the removal of an object or objects from the
surrounding structures leads to an improved understanding
of the special ROI.
The complete series of X-ray images taken during the
scanning process are converted to axial slices by the
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Fig. 4. Micro-CT and micro-dissection sections of the pharynx of Nephtys hombergii. (Micro-CT sections a–h; micro-dissections sections 1–7).
1. Terminal papillae and muscular lips at entrance to pharynx.
2. Section immediately behind the lips of the anterior pharynx.
3. Middle third of pharynx looking forwards showing the jaws anteriorly.
4. Mid-chamber showing the pigmented pressure lines.
5. Mid-pharynx in almost full compression showing the cruciate pattern of the ‘contracted’ muscles forming the compressed posterior chamber.
6. Distal pharynx looking into the distal pharyngeal sphincter at apex of the pigmented pressure lines.
7. Reverse of view in ‘6’ looking into the distal pharyngeal sphincter from the intestine.
reconstruction software. From these data, a virtual model of
the animal can be assembled. Volume Graphics Studio Max
software was used to define anatomical ROIs each of which
could be labelled and assigned a false colour to aid in the
visualizationofthedata.Segmentingouttheseregions(either
by removing them from the whole scanned volume, or by
rendering the volume transparent) allows them to be viewed
in their correct 3D relationships, but separated out from the
Fig. 5. (A) Micro-dissection- T/S section; posterior third of the pharynx of Nephtys hombergii.
(ES - posterior exit sphincter; TCL - tissue compression line; ILT - internal lining tissue; OPM - outer pharyngeal muscle; IPM - inner pharyngeal muscle;
PWS - pharyngeal wall segment; PWS = IPM + OPM in Fig. 5B).
(B) Micro-CT. T/S section.
(VLM-ventrallongitudinalmuscle;VCM-ventralcoelomicmuscle;DVM-dorso-ventralmuscle;IPM-innerpharyngealmuscle;OPM-outerpharyngeal
muscle; DLM - dorso-longital muscle; INPM - intrinsic parapodial muscle).
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Fig. 6. Sagittal views of Nephtys pharynx and muscles.
Section A. Micro-dissection; showing anterior (AC) and posterior muscular chambers.
Section B. Micro-CT.
(Ant.S - anterior sphincter muscles; IPM - internal pharyngeal muscle layer; MPM - middle pharyngeal muscle layer; OPM - outer pharyngeal muscle
layer).
Section C. SEM of dorsal wall of pharynx; sectional area illustrated by ‘Box C’ in Section B.
surrounding tissue. Once defined, the software allows the
modelled3Dregionstoberotatedandviewedfromanyangle.
Thesoftwarecanalsocreateclippingplanesinanyorientation
allowing the specimen to be sectioned through any plane.
Thus, a full spatial assessment and orientation of specific
ROIs can be made from a single specimen. A task that would
be impossible to achieve through traditional serial sectioning
techniques can only section along a single slice plane.
Figure 7A illustrates the value of 3D data sets in reviewing
anatomical features. In this body segment, the anterior
clipping plane lies just anterior to the junction of the anterior
andmiddlethirdsofthepharynxandillustratesthepositionof
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Fig. 7. (A) 3D images of sections of body wall of Nephtys hombergii.
(DLM - dorso-longitudinal muscle; OPM - outer pharyngeal muscle; PDVM - parapodial and dorso-ventral muscle; IPM - inner pharyngeal muscle; T -
jaw; VLM - ventral longitudinal muscle).
(B) Micro-dissection transverse section of pharynx of N.hombergii just anterior to the jaws.
(OPM - outer pharyngeal muscle; IPM - inner pharyngeal muscle; T - jaw).
Fig. 8. (A) Sagital section through pharynx and adjacent body of Nephtys hombergii.
(PSM - posterior sphincter muscles; PPC - posterior pharyngeal chamber; APC - anterior pharyngeal chamber; ASM - anterior sphincter cavity; OPM -
outer pharyngeal muscle; IPM - inner pharyngeal muscle; T - jaw).
(B) Sagittal section through pharynx and adjacent body of Nephtys hombergii with partial reconstruction of posterior chamber muscles).
(PSM - posterior sphincter muscles; PPC - posterior pharyngeal chamber; APC - anterior pharyngeal chamber; ASM - anterior sphincter cavity; OPM -
outer pharyngeal muscle; IPM - inner pharyngeal muscle; T - jaw; SSM - sphincteric strap muscle).
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thetwojaws(T).Thelongpairedventrallongitudinalmuscles
(VLM) of the inferior wall are clearly seen as being separate
from the main body cavity.
Figure 7B shows a dissected specimen of the pharynx
sectioned across the same segment as Fig. 7A. It illustrates
the position of the jaws inserted into the surrounding muscle
blocks but without the obvious layer differentiation of the
pharyngeal wall that is visible in the micro-CT images
(OPM+IPM).
Figure 8A is a sagittal section through anterior body of
the worm showing a detailed section of the pharynx and
its position within the body cavity. In conjunction with
traditional sections, this data set could be used to enhance
the understanding of the anatomical relationships among
differentstructuresandtoassistindeterminationoffunctional
anatomy. The anterior–posterior axis in Fig. 8 runs from left
to right. It shows the complete pharynx in sagittal section,
lying within the coelomic cavity and bordered on the outside
by the body wall muscles and parapodia. The two jaws
mark the junction between the anterior ‘reception chamber’
for ingested particles (APC) and the main food processing
chamber posteriorly (PPC) .The latter reduces in size to a
narrowchannelthroughtheposteriorsphinctermuscle(PSM)
intotheintestine.Figure8Billustratesareconstructionofthe
muscles in the area outlined by the white box in Fig. 8A.
Theposteriorone-thirdofthepharyngealwallhasbeenpartly
reconstructedtoaidspatialorientationandshowsthemuscles
inblueandthestrapmuscles(SM),whichoperatethesphincter
in yellow. The jaws are more clearly shown in red (T).
Figure 9B shows how rendering and reconstruction of the
‘virtual’ muscles of the posterior pharynx shown in the white
box of the micro-dissection above (Fig. 9A) can enhance our
understanding of the muscle shown in the dissection. The
pharyngealmusclesareblueandtheoriginsofthesphincter’s
SM emerging from the pharynx are yellow.
The 3D reconstructions of Fig. 10 show the posterior
‘pharyngeal segments’ of N.hombergii from the exterior
showingtheparapodiaandthecuticlecoveringthebodywall
muscles (Fig. 10A). The pharyngeal muscles, the posterior
sphincter and the sphincteric SM are seen in the distal
end transverse section. The VLM are seen inferiorly covered
by cuticle and epidermis. Figure 10B has had the cuticle,
epidermis and outer body wall muscles removed to show,
in detail, the position, orientation and muscle insertions of
the underlying structures. With the cuticle removed from
the VLM, the parapodial muscle insertion points can be
seen.
High-densitytissuestructuressuchasthejawsareveryeasy
to segment these out from the surrounding soft tissues. This
producesapictureofthecontentsofthepharynxincludingan
accuratereconstructionofthejawsshowingtheconicalshape
of their muscle insertions (Fig. 11). Below the jaws is seen a
large particle of ingested material together with some smaller
ingested particles of similar density.
Fig. 9. Reconstruction of posterior pharyngeal muscles following digital
dissection.
(SM - sphincter strap muscles).
Animations
When multiple transverse micro-CT sections are put together
andrunasavideoloop,anaccurate‘fly-through’anatomical
experience can be achieved to examine the internal and the
cross-sectional anatomy of the N.hombergii pharynx. This
technique is particularly useful when scanning anatomical
cavities. Some aspects of functional anatomy can be
determined from the moving ‘fly-through’ pictures achieved.
An example of this may be seen on the Journal of Microscopy
website.
Discussion
In micro-anatomical research, the potential advantages
of micro-computed tomography are well known and its
applicationsarebecomingevermoresophisticated.Itprovides
an excellent, repeatable and increasingly rapid detailed
delineation of a structure by a process that is neither
destructive nor invasive. Reconstruction of the images may
be either in the form of traditional sections, or in 3D format,
with or without the facility for rotational analysis. Scanning
speeds are increasing, as are the speeds of software analysis,
makingtheprocessevenmoreattractiveacrossawholerange
of biomedical and bioengineering research.
C   2009 The Authors
Journal compilation C   2009 The Royal Microscopical Society, Journal of MicroscopyMICRO-COMPUTED X-RAY TOMOGRAPHY 9
Fig. 10. (A) 3D reconstruction of posterior pharyngeal segments of N. hombergii.
(DLM - dorsal longitudinal muscle; DVM - dorso-ventral longitudinal muscle; VLM - ventral longitudinal muscle).
(B) Subtraction of posterior body wall to reveal underlying posterior pharyngeal muscles.
As the hardware has developed, the cost, speed and
accessibility of the associated image analysis software has
also improved. With modern software ‘digital dissection’
is a reality, even with comparatively large data sets and
now deeply buried ROIs can be exposed by stripping away
surrounding layers by subtraction or segmentation. This not
only leads to a better anatomical understanding of such
structures but it also aids their spatial orientation.
The ability to define and visualize the relative position
of clipping planes is a valuable aspect of the ability of
micro-computed tomography to accurately assess sectional
anatomy. This is the so-called ‘virtual histology’ described by
Johnson et al. (2006). The clipping planes can either be the
traditional transverse, sagittal or coronal sections or oblique
variationsofallofthese.Thisisonlypossiblebecausethedata
set is now rendered as a complete volumetric representation
of the scanned object, rather than a slice-based data set.
In addition to the above, we have found that 3D
reconstruction has been particularly informative especially
when it is combined with rotation either in standard or user-
selected oblique planes. This is most readily done with the
easilydifferentiatedtissuesofhighdensitybutitisnowshown
in this study to be possible with tissues of low density.
Specific anatomical features may also be separated from
their normal anatomical associations or attachments by
segmentation and manipulation within the computer. For
polychaete worms, these methods offer the possibility of
carrying out detailed, rapid anatomical studies based on
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Journal compilation C   2009 The Royal Microscopical Society, Journal of Microscopy10 J. DINLEY ET AL.
Fig. 11. Nephtys hombergii; jaws ‘subtracted’ from pharynx and
pharyngeal muscles.
CT data to make broad related and outgroup comparisons
between taxa.
Figures 5 and 6 demonstrate that micro-CT scanning is
able to resolve sufficient detail to see individual muscles in
their layout and distribution. The benefits of the enhanced
resolution are demonstrated by Figs 5A and B. The apparent
single circular muscle of the pharyngeal wall seen in Fig. 5A
is shown to have a multi-segmental architecture in Fig. 5B.
Tissueresolutioninthesespecimenscanbeincreasedtoreach
10–12 micrometres. Thus, tissue definition in transverse
sectional anatomy can approach that achieved by light
microscopy where the traditional section interval in wax
histology is about 7 micrometres.
3D reconstruction
One major advantage of the micro-computed tomography
approach is the ability to produce a range of 3D
reconstructions, allowing for a better understanding of the
internal anatomy of the specimen. The polychaete worms
examined in this way provided a useful way of visualizing
the spatial arrangement of the various muscle blocks and
otherinternalfeaturessuchaspharyngealandgutchambers.
To undertake similar reconstructions with light microscopy
techniques would require considerably more time and effort
as well as specimen destruction.
Micro-CT provides accurate anatomical imaging in two or
threedimensionswithminimalspecimenpreparation.Itisan
important tool with which to obtain rapid highly accurate
magnified anatomical images.
Future developments in the field of micro-focus computed
tomography will include phase contrast techniques,
particularly near-field Fresnel diffraction, and will offer
the promise of dramatically improved performance. This is
relatively new to laboratory micro-focus systems (Jakubek
et al., 2007).
Development of the X-tek system using filters and different
targets to select X-ray lines for better resolution and
discrimation is also progressing.
Synchrotron radiation offers the most exciting prospect of
future microscopic imaging. With the rapid development of
synchrotronsourcescoupledwithmicro-focusingengineering
and sophisticated X-ray detectors, scanning micro X-ray
fluorescence (micro-XRF) is now a powerful investigative tool
forboth2Dand3Dbiologicalimaging(DeSamberetal.,2007).
Highlyfocusedbeamsatthird-generationsynchrotronsources
make it possible to obtain beam sizes in the sub-micron range
(Pfeiffer,2002;Schroeretal.,2005).Biologicalimagingusing
these techniques is moving to a cellular level.
Conclusions
Micro-CT using a widely available ‘bench-top’ type of
scanner has been demonstrated to be a rapid, non-invasive
and non-destructive method of imaging soft-bodied marine
invertebrates that can be performed on both modern, widely
available and also very rare specimens. It provides us
with a good, detailed and magnified image lying between
the low magnification of micro-dissection and the high
magnificationofSEM,withconsiderablylesspreparationtime.
Thistechniquecanbeextendedtoscaninvertebratesofttissues
generally and hence used to scan museum specimens and
collections.
Large-scale comparative anatomical studies are now
feasiblethatwillleadtogreaterevolutionaryinsights.Interms
offunctionalanatomy,thestudyofnephtyidwormsdiscussed
here has provided fresh insights into the precise arrangement
of muscles associated with the pharynx and anterior gut. In
this study, only relatively large and robust structures (i.e.
muscles and gut) were studied but with improved techniques
it would be feasible to study finer and more diffuse anatomy
such as that of nervous or vascular systems.
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